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Chapter 1

Categories, functors, natural
transformations

In this chapter, we introduce the basic material of category theory. In Section 1.1,
we introduce the notion of category, we single out remarkable classes of morphisms,
and we define the important notion of cartesian closed category. In Section 1.2, we
define the notion of limit and colimit, and we spell out remarkable special casess:
equalisers and coequalisers, pullbacks and pushouts. In Section 1.3, we define func-
tors, which are morphisms between categories, and natural transformations, which
are morphisms between functors. In Section 1.4, we study a special class of func-
tors, the presheaves. In Section 1.5, we introduce pairs of adjoint functors, which
are in abundance. In Section 1.6, we define the notion of equivalence of categories
(a special case of adjunction). Finally, in Section 1.7 we define monads, a notion
related to adjunction.

1.1 Categories
Definition 1.1.1 A category C is given by the following data:
e a collection Obj(C) of objects A, B, ... (we write A: C,B:C,...),

e a family of collections C[A, B] doubly indexed over Obj(C) whose elements f
are called morphisms (notation f: A — B),

e a family of morphisms id : A — A indexed over Obj(C), and

e a family of composition operations: if f : A — B and g : B — C, then
go f:A— C, such that the following equations are universally satisfied:

(feg)oh=fol(goh)  foid=f idof=Ff

We also write gf for go f.
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The above equalities are understood only when the compositions are well-defined (in
particular, id stands for some appropriate id 4). This is spelled out in the following
“proof-theoretical” presentation:

f:A—-B g:B—C
idg:A— A gof:A—-C

f:B—>Ag:C—Bh:D—-C f:A—B f:A—B
(fog)oh=fo(goh):D—A foidas=f:A—B idpof=f:A—B

which stresses the fact that a category is a “typed monoid”.

An alternative definition of a category is by means of two collections Obj(C)
and Mor(C), where Mor(C) stands for the disjoint union of all the C[4, B]’s. In
this presentation, one must also provide two functions dom and cod from Mor(C) to
Obj(C). Then the family of identities, and the composition operation are specified
as

e id: Obj(C) — Mor(C), with the constraints that

dom(idy) = A and cod(id4) = A, for all A

e o: Comp — Mor(C), where Comp = {(g, f) € Mor(C) x Mor(C) | cod(f) =
dom(g)}, with the constraints that

dom(go f) = dom(f) and cod(g o f) = cod(g)

and subject to the above monoid equations, in which we assume that all com-
positions are defined.

From the data of definition 1.1.1, we retrieve dom(f) from the tag of f.(A, B)
in the disjoint union Mor(C) = {f.(4,B) | A€ 0bj(C),B € 0bj(C), f € C[A, B]}.
(We recall that the disjoint union of two sets X,Y is defined as, say X.1 U X.2,
where, say, X.1 = {z.1 | x € X}.) Conversely, given Mor(C), we retrieve C[A, B]
as {f € Mor(C) | dom(f) = A and cod(f) = B}.

This alternative definition of category stresses categories as “graphs with com-
position (and identities)”.

In this book, we shall not be concerned with problems of size. But as the
examples will show, Obj(C) or even C[A, B] may not be sets. When C[A, B] is a
set, for all A, B, we say that C is locally small, and when moreover Obj(C) is a set,
we say that C is small.

There are two special cases of categories which are of interest:

e If for all A, B, C[A, B]| has at most one element, then C amounts to a preorder
on the collection of its objects, where A < B if and only if C[A, B] # 0. (A
preorder is a set equipped with a binary reflexive and transitive relation.)
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Indeed, the existence of the identities says that < is reflexive. Transitivity is
shown as follows: if A < B and B < C then there exists f : A — B and
g: B — C. Hence C[A, C] is not empty since it contains g o f.

If moreover C[A, B] is non-empty only if A = B, then we say that C is discrete:
its only morphisms are the identity morphisms.

e if C has a single object A, then C amounts to a monoid C[A, A]. This further
justifies the intuition of a category as a “typed monoid”.

The degenerated preorder case is important, as it will often be easy to see a general
categorical definition as a generalisation of a known concept. For example, limits
will generalise greatest lower bounds.

Here are some “real” categories:

e Set: the objects are sets, the morphisms are functions. This is a locally small
category, but not a small category, since the sets form a proper class.

e Algebraic structures: for example, groups and group homomorphisms form a
category, ring and ring homomorphisms form a category, etc. ...

e Topological spaces and continuous functions.
e Preorders and monotonic functions.

Here are some categories where the morphisms are not functions.

e PSet. The objects are sets, and the morphisms are partial functions, i.e.

PSet[X,Y] = {(X', f) | X' C X and f € Set[X’, Y]}

e Rel. The objects are sets, the morphisms are binary relations, with x idx y
if and only if x = y and, for R a relation from X to Y, S a relation from Y to
Z:

x (SoR)z if and only if there exists z € Y such that x Ry and y S z

We now list a few fundamental operations for constructing new categories.

Definition 1.1.2 (dual category) Let C be a category. We define the dual cate-
gory C°P as follows:

Obj(C?) = 0bj(C) C[A, B] = C[B, 4]
id°? = id fo?g=gof.

Given a property P for a category C and relative theorems, it will often make
sense to consider a dual property P°P to which correspond dual theorems. This idea
can be formalised using the notion of dual category as follows: given a property P,
we say that C has property P°P if C°P has property P.
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Definition 1.1.3 (subcategory) Let C be a category. A subcategory of C is a
category C' such that Obj(C') C 0Obj(C), C'[A’,B’]| C C[A',B] for all A", B" : C’
and such that the identities and composition operation on C' are the restrictions of
those of C. If moreover C'[A’, B'] = C[A', B'] for all A', B" : C', then C' is called a
full subcategory of C.

In terms of graphs, a subcategory is a subgraph closed under composition and iden-
tities.

Definition 1.1.4 If C and D are categories, the product category C x D is defined
by:

0bj(C x D) = Obj(C) x Obj(D) (C x D)[(A, B), (A, B')] = C[A, A'] x DB, B]
id(a,p) = (ida, idp) (f,9") o (fi9)=(fof.go9)

The following definition spells some remarkable properties of morphisms.
Definition 1.1.5 Let C be a category.

e A morphism f: A — B is a monomorphism (or is a mono, or is mono) if
VC,h:C—Ak:C—A (foh=fok=h=k)

e A morphism f : A — B is an epimorphism (epi for short) if it is mono in

CP, i.e.,

VC,h:B—C,k:B—C (hof=kof=h=k)

o A morphism f : A — B is a split mono if there is a morphism g : B — A

such that go f = id. Dually, a morphism g : B — A is a split epi if there is a
morphism f : A — B such that go f = id.

o A morphism f: A — B is an isomorphism (iso for short) if there is a mor-
phism g : B — A (called the inverse of f) such that go f =id and f o g =id.
We write A = B if there is an iso between A and B.

It should be clear that a split mono is mono, that a split epi is epi, and that a
morphism is iso if and only if is mono and split epi (or epi and split mono).

Exercise 1.1.6 Show that in Set the monos are the injective functions and the epis
are the surjective functions. (See also Exercise 1.3.5).

Exercise 1.1.7 1. Show that, in the category of rings and ring morphisms, the
inclusion from Z to Q is a non-surjective epi, and is also an example of an epi
and mono that is not invertible.

2. Idem for the inclusion of Q in R in the category of (separated) topological
spaces and continuous functions.
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1.2 Limits and colimits

We now turn to the important notions of limit and colimit. We first give examples,
and then a general definition.

Definition 1.2.1 (terminal object) An object A in a category C is terminal if
Vbe Cdlf : B— A. We denote a terminal object with 1 and with g the unique
morphism from B to 1.

Definition 1.2.2 (product) Let A, B be two objects in a category C. A product
of A, B is a triple (C,m : C — A,my : C — B) such that for any triple (D, f : D —
A,g: D — B) there exists a unique h: D — C' such that 1y oh = f and mgoh = g.
We write C = A x B and h = (f,g) (the pair of f,g).

The situation is illustrated by the following diagram.

D
/'J ‘ \\

,g) |
// ~(f 9>V \llg

f

/H AXB

;/ 1
V/
A

where we have used the following conventions: the fat arrows form the structure
being defined, the ondulating arrows correspond to the universal quantification (“for
all D, f,¢”) and the dashed arrow to the (uniquely) existing arrow h.

Exercise 1.2.3 Show that the following purely equational description of the product
s equivalent to that given in the Definition 1.2.2:

7rlo<fvg>:f
7T20<fag>:g
(fom, fom)=f

Exercise 1.2.4 Show that the equational presentation of Exercise 1.2.3 is equivalent
to the following one (i.e. the two equational theories they define are equal):

7T10<f7g> :f
mo(f,9) =g
(f,g)oh=(foh,goh)

<7T1,7T2> = ’Ld

Definition 1.2.5 (Equaliser) Let A, B be two objects, and f,g be two morphisms
between A and B, in some category C. An equaliser of f, g is a pair (C,e : C — A)
such that f oe = goe, and such that, for all (C',e' : C" — A), if foe =goe then
Jz: 0" - C (eocz=¢).



S8CHAPTER 1. CATEGORIES, FUNCTORS, NATURAL TRANSFORMATIONS

The following picture illustrates equalisers.

C/
I /
‘Z\ﬁ g
\ N\
0714 B
~_ 7
f

Definition 1.2.6 (Pull-back) Let A, B, D be objects, and let f : A— D, g: B —
D, in some category C. A pullback of f, g is a triple (C,h : C — Ak : C — B) such
that foh = gok, and such that, for allC';h' : C" — Ak’ : C" — B), if foh! = gok/
then 312 :C" - C (hoz=h and koz=F).

The following picture illustrates the definition of pullback. The square in the picture
is called a pullback square.

?2 N .
A
Y k\L f
"\
A g
B——D

Pullback squares can be put side by side and the result is a pullback (let’s call
it a rectangle!).

Proposition 1.2.7 Let C be a category, and consider the following commuting di-
agram (i.e. foh=go f and f'ol =g o f"):

A= A A

14 h
At
B”LBILB

1. If the two squares on the picture are pullbacks, then so is the outer rectangle.

2. If the right square and the outer rectangle are pullbacks, then the left square is
a pullback.

PRrOOF. We leave (1) to the reader. As for (2), let C,k: C — A',l: C — B” be
such that f'ok = ¢’ ol. Using that the outer rectangle is a pullback, we get a unique
z:C — A” such that f” oz and (hh') o z = hk:
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\\\ \L /
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If we show that in fact h’ o 2 = k, we shall a fortiori have a unique z relative to
the left square, and we will be done. This equality follows from the fact that both
h' o z and k are mediating for hk and ¢'l (relatively to the right square):

We are now ready for the general notion of limit.

Definition 1.2.8 (diagram) Let C be a category and I be a graph. (By graph, we
mean here the same as a category, but without identities and composition, thus we
just have Obj(I), and for every i,5:X, a set I[i,j] of edges.) A diagram in C over I
is a graph morphism D : 1 — C, i.e. it maps every i : I to some object Di of C and
every u : 1 — j to some morphism Du : Di — Dj.

Note that the identity of the nodes and edges of I does not matter, since it serves
only for indexing matters. For this reason, (the isomorphism class of) I is called the
shape of D : I — C. Below, we shall draw some shapes as graphs with unnamed
vertices and edges.

Definition 1.2.9 (cone, limit) Let C be a category and D : I — C be a diagram.
A cone over D is given by an object C' (the vertex of the cone) and a collection
of morphisms X\; : C — Di indexed over Obj(I) such that the following triangle
commutes (for every edge of I):
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We say that the morphism X\; is the component of the cone at i.

A limiting cone (or limit for short) for D is a cone (C,{\;}i1) such that for
any other cone gwen by C' and a family of N,’s there exists a unique morphism
z: C"— C (called the mediating morphism) such that all triangles

y

Ds

(indexed over Obj(I)) commute. By abuse of language, one often says that C is the
limit of the Di’s.

We say that C has all limits of shape I when all diagrams D : I — C have a
limit.

We can now recognise the terminal object, products, equalisers and pullbacks as
limits of the following respective shapes:

e Terminal. The shape is empty (i.e., Obj(I) = () : then a cone is reduced to its
vertex C.

e Product.The shape is

i.e., I has two vertices and no edge. More generally, the product of any indexed
collection of objects (notation Il;crA;) is defined as the limit of the diagram
D : 1 — C (where I is the graph that has I as set of vertices, and that has no
edges) defined by Di = A;. We stress the case of the product of two objects
by calling it a binary product. When [ is finite of cardinal n and all A;’s are
equal, i.e., A; = A for some A, we write II;c;A = A".
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e Equaliser. The shape is

5

e Pull-back. The shape is

[ J
[ ]
We spell out the pullback case. There are three vertices and two edges in the shape,

let us name them (different names for different vertices, different names for different
edges):

o ——

1
u

J —k

Then we recover the data of definition 1.2.6 by defining D as follows:
Di=A Dj=B Dk=D Du=f Dv=yg

Note that neither A, B, D nor f, g are imposed to be distinct. And this is precisely
why we use this indirect machinery of a separate graph I rather than just taking a
subgraph of C.

A cone over this diagram, strictly speaking, consists of three morphisms A; :
C— A, \j:C— B,and )\, : C — D satisfying

fohi = M = gox,

but we see that the middle morphism Ag is superfluous, since it is defined in terms
of either of the two others, and that all information is in the equality fo); = goA;,
as in definition 1.2.6 (with \; = h, A\; = k).

(Similarly, for equalisers, the morphism to the common target B is superfluous,
and a cone thus reduces to a morphism ¢’ : ¢’ — A.)

Exercise 1.2.10 Show that a category with terminal object and pullbacks has binary
products and equalisers.

Exercise* 1.2.11 Show that a category which has all equalisers and all finite prod-
ucts has all finite limits (here finite means that the shape of the diagram has finitely
many vertices and edges).

Exercise 1.2.12 Show that Set has all limits and all colimits (hint: limits are
subsets of a product, colimits are quotients of a disjoint union).
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The dual notion of limit is that of colimit. Let D : I — C be a diagram. A
cocone over D is given by a vertex C' and a collection of morphisms \; : Di — C
(that go thus now into C') such that

Vu:i—j NjoDu=\;.

Such a cocone is colimiting if, for every other cocone (C’,{\}..1), there exists a
unique mediating z : C' — C’ (thus from C) such that

V’L ZO)\Z:)\;

Since “colimiting cocone” is a bit ugly, one often speaks of cones for cocones.
Here are the duals of the special cases considered above:

e Initial. An initial object 0 is a colimit of the empty diagram. This just means
that, for evey object A : C, C[0, A] consists of exactly one morphism.

e Coproduct. A coproduct is a colimit of a diagram of shape

[ ] [ ]
Let us spell out the definition: a coproduct of A, B consists of a triple
(Cyi;: A— Clip: B— O)

such that for any triple (D,f : A — D : B — D) there exists a unique
h:C — D such that hoi; = f and hoiys = g. We write C = A+ B and
h = [f,g] (the copair of f,g). We use the notation [[;.; A; for a coproduct of
a family of objects.

e Coequaliser. A coequaliser is a colimit of a diagram of shape

()

e Push-out. A pushout is a colimit of a diagram of shape

[ J

[ ]

In general, the dual of a limit of shape I is a colimit of shape I°? (where I’ is
defined by Obj(I°P) = Obj(I) and I°?[i, 5] = I|j,1]).

o <—

An important property of limits and colimits is that they are unique up to
unique isomorphism: if (C,{\;}i.1) and (C’,{\;}i.1) are two limiting cones for the
same diagram D : I — C, then there exists a unique iso ¢ : C — C’ such that
A;o 1=\, for all i. We leave the easy proof to the reader.
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Exercise 1.2.13 Show that every coequaliser is epi, and that every equalizer is
mono. Show that h,k (referring to the definition of pullbacks) are jointly mono
(define this notion). More generally, what can we say of a limit or colimit cone?

We end this section with the notion of cartesian closed category.

Definition 1.2.14 (CCC) Let C be a cateogory that has binary products. An ex-
ponent of two objects A, B is a pair (C,ev : C x A — B) such that for any other
pair (C', f : C" x A — B) there exists a unique arrow g : C' — C such that the
following triangle commutes:

We write C = B4 (or C = A= B) and g = A(f). We call g the curried form of
f, and f the uncurried form of g. A cartesian category is a category which has a
terminal object and all binary products (and hence all finite products). A cartesian
closed category (CCC for short) is a cartesian category in which all pairs of objects
have an exponent.

Exercise 1.2.15 Show that the following purely equational description of the expo-
nent is equivalent to that given in definition 1.2.14 (in presence of products):

evo (A(f)om,me) = f
Alevo(gom,m)) =g

Exercise 1.2.16 Show that the equational presentation of Exercise 1.2.15 is equiv-
alent to the following one:

evo (A(f),g) = fo(id,g)
A(P)og = A(f o lgom.m))

There are very few cartesian closed categories in mathematics. Among the “real”
categories listed above, only Set and the category of preorders and monotonic func-
tions are CCC’s. But they nevertheless are fundamental in theoretical computer
science, since they are the categorical counterpart of A-calculus. (see Chapter 5).
Many cartesian closed categories have been built for modelling A-calculus. Carte-
sian closed categories play also an important role in category theory itself. Two
important examples of CCC’s are given in Section 1.3.

A more frequent structure in “mainstream mathematics” is that of a monoidal
closed category. It is the same definition, where the notion of product is replaced
by a weaker notion of monoidal product.
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1.3 Functors, natural transformations

We are interested in the following question: is there a category of categories, or can
we define a good notion of morphism between categories?

Definition 1.3.1 (functor) Let C, D be categories. A functor F': C — D is a
morphism between the underlying graphs that preserves identity and composition,
that is, it consists of a function Fopj : Obj(C) — Obj(D) and a family of functions
Fap: C[A,B] — D[FA, FB] such that the following equations hold universally

Fid = id F(fog)=FfoFg

Note that we freely write F' without subscripts, and Ff rather than F(f), etc.... A
functor F : C — C is called an endofunctor. A contravariant functor F' from C
to D is a functor F : C°? — D. A functor, say, F': C1°P x Co — D is called
contravariant in its first argument and covariant in its second argument. A frequent
notation for a functor of, say, two arguments, is to write F(A, f) for F(ida, f).

The full specification of a functor can be given in the deductive style:

A:C f:A— DB ida:A— A f:B—C g:A— B
FA:D Ff:FA—FB Fidy=idpy:FA—FA FfoFg=F(fog): FA— FC

Categories and functors form a category, which we call Cat. The identity functor
and the composition of functors are defined obviously:

idA=A idf=Ff (GoF)A=G(FA) (GoF)f=G(FY)

We shall freely write GF for Go F', GF A for G(F A), etc. ... Note that idid in this
context should read as idc(idy), for A : C.

An important example of functor is given in the next definition.

Definition 1.3.2 (hom-functor) Let C be a locally small category. We define the
hom-functor Homgc : CP? x C — Set as follows:

Homc(A, B) = C[A, B]
Homeg(f,9)(h) =gohof (f:AA— A g:B— B h:A— B)

Note that the hom-functor is contravariant in its first argument and covariant in
its second argument. A frequent notation for the hom-functor is C[_,_], where _
appears as a place holder. A slightly better notation is C[.1, -2], with two distinct
place holders (since they are to be replaced by distinct entities). We shall also use
the A-calculus inspired notation Az,y.Clz,y].

Here is another important functor:
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Proposition 1.3.3 Let C be a category that has all binary products. Then X ex-
tends to a functor from C x C to C.

PRrROOF. Let f: A — A", g: B— B'. Weset f xg=(fom,gom). We show,
using Exercise 1.2.4, that this defines a functor:

id x id = (m,m3) = @

(f'xg)o(fxg) = (flo(mo(fom,gom)),g o(mo(fom,gom)))
= (flofom,g ogom)

(f'of)x(g'cg)

The following definition states two important properties for functors.
Definition 1.3.4 A functor F': C — D is called full if
VA BYh:FA—FB 3f:A— B (Ff=h)

i.e. if it is surjective on each homset C[A, B|. It is called faithful if it is injective
on each hom-set C[A, B].

Exercise 1.3.5 Let C be a category that has a terminal object 1. We say that C
has enough points if the functor C[1,_] : C — Set is faithful. Show that in such a
category the following equivalence and implication hold:

f mono & CI1, f] injective
f epi < CJ1, f] surjective

(The definition of “enough points” amounts to say that every morphism f : A — B is
characterised by the underlying function from the points of A to the points of B (we
call point a morphism of source 1). The exercise thus implies that, in usual categories
of sets with structure and structure preserving functions, the monos are the injective
morphisms, and the surjective morphisms are always epi (but not conversely, cf.
Ezercise 1.1.7).) (Hint: the faithfulness assumption is used only in the < direction.)

The next definition relates limits and functors.

Definition 1.3.6 (limit preservation) Suppose that F' : C — D is a functor,
and D : I — C is a diagram which has a limit (C,{\;};.1). We say that F preserves
the limit of D if (FC,{F\;}i1) is a limit of the diagram FoD : 1 — D (it is clearly
a cone over this diagram).

Exercise 1.3.7 Show that the functor C[C,_] : C — Set preserves all limits.

Now we ask the following question. Let us fix two categories C and D: is there
a category whose objects are the functors F': C — D?
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Definition 1.3.8 (natural transformation) Let F,G : C — D be functors. A
natural transformation p : F — G is a family of morphisms {ua : FA — GA}a.c
(called the components of ) such that, for all A, B, f : A — B, the following square
commutes:

HA

FA——GA

Ffl le
FB-2-GB

Functors from C to D and natural transformations between them indeed form
a category, which we denote as D€ (this is justified by Proposition 1.3.11). The
identity and the composition of natural transformations are defined as follows:

ida = 1dpa (vop)a=vaopua

(in the first equality, the first occurrence of id refers to the natural transformation
being defined, and the second occurrence refers to an identity morphism in D). The
composition just defined is called vertical (see below).

A picture that is often shown for a natural transformation p : F — G is the
following one.

F
C |# D
G

Then a pictorial representation of the vertical composition of two natural transfor-
mations looks as follows:

In the next chapter we shall consider another pictorial representation, which we shall
use extensively.

Exercise 1.3.9 Show that a natural transformation u is iso (in D) if and only if
all its components are iso (in D).

Exercise 1.3.10 Let C, D be categories, and let I be a graph. Show that if D has
all limits of shape I then D€ has all limits of shape I, and that the limit of a diagram
F :1— DC is given by the formula (lim F)C = lim(\z.FxC).

We now have enough material to give our first “categorical” example of a CCC.
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Proposition 1.3.11 The category Cat is a CCC.

PrROOF. The terminal category 1 is the category with just one object and one
morphism (the identity morphism on the unique object). We already defined the
product of two categories (Definition 1.1.4). The functors m; and 72, and the pairing
of two functors are defined in the obvious way:

m(C,D)=C m(C,D)=D (F,G)(C) = (FC,GC)
mi(f,9)=f m(f,9)=9 (F.G)(f)=FfGf)

(for short, we may write m; = A(z,y).z, m2 = A(z,y).y, and (F,G) = A\z.(Fz,Gx)).
We now check that the category D€ of functors and natural transformations indeed
provides an exponent. We define ev as follows. On objects, ev(F,A) = FA. On
morphisms, ev(u, f) is defined as the diagonal of the naturality square:

pA

FA——GA

N

FB-2-GB

i.e. E’U(M,f) = Gf oA = HUBo Ff
For F: C'x C — D, we set A(F) = A\2/.(\x.F (2, z)), or, with a mixed but may
be more suggestive notation,

AF) =X .F(2,.)
Let us spell this out: F(C’,_) is defined by:

e F(C',))C = F(C',C) and F(C',.)f = F(C', f) (notice the handyness of the
abuse of notation F(C’, f)),

e for f': C'" — D', F(f',.) : F(C',.) — F(D',.) is defined by F(f',_)c =
F(f',C). We check the naturality of F(f’,_). The two paths from F(C’,C)
to F(D', D) in the naturality square

Fc,0) "L pp o)

F(czf)l lF(DCf)
Fc’,0)"2pp, )

are equal to F(f’, f). This “implicit naturality” underlying a functor of two
arguments is a consequence of functoriality. We obtain the paths F(D’, f) o
F(f',C) and F(f', D)o F(C’, f) by writing, respectively:

(flaf):(idD’Oflufoidc) and (fluf):(floid07idDof)
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The verification that all this indeed provides the data for a CCC structure is left to
the reader. (]

Natural transformations have a richer structure than that provided by the above
vertical composition. First we define the (horizontal) composition of a natural trans-
formation with a functor. f G : B — C, F;JF/ : C — C' and pu : F — F/,
then we define uG by set theoretical composition, i.e., (uG)4 = pga for all A. Tt
is immediate that pG is a natural transformation from FG tp F'G. Likewise, if
H:C -B,FF:C—Candv:F — F',then Hv : HF — HF' is natural,
where (Hv) 4 = H(vy) for all A.

Then, if F,F/ : C - C', G,G':C' - C", uy: F — F,and v : G — G’ are

given, we can make sense of, or parse, the picture

F G
e e
F’ G’

either as (VF') o (Gp) or as (G'p) o (vF), as illustrated by the following pictures:

F G F €]
CJEC’EC” CJEC’jEC”
F' G’ F’ G’

where, say, the first picture should read as the vertical composition of

F G
=\
C " C’ C”
F/
and
G
oo
~——>7
F' el

The two parsings coincide, by naturality of v (this property is known as Godement’s
rule):

GFA— 'FA
GHA\L lG/NA
GIF'A—E4 qrpr A

This leads us to the following definition:
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Definition 1.3.12 F,F':C - C',G,G':C' - C", p: F - F',andv: G — G'.
We define the horizontal composition v - u: GF — G'F’ of u and v as follows:

WF)o(Gu) = vop = (Gu)o(wF)

Now consider the following diagram:

How should we parse it? Should we first make the horizontal compositions, or should
we first make the vertical ones? The answer is that it does not matter, and hence
that the pictorial representation is acurate, since it abstracts from these details.

Proposition 1.3.13 Let F,F',F" : C —- C', G,G',G" : C' - C", u: F — F/,
W F - F' v:G— G and V' : G — G". Then the following equality, called
interchange law, holds:

Wov)-(Wop) = (@ -p)ow-p

PROOF. We start from the right hand side. We parse v - u along the line GF’ and
we parse v/ - i/ along the line G" F’:

F G
w v
F’ G’
C C c’
Fl Gl
Fll G//

This give us

W-pw)ow-p) = G'Wo(WF ovF)oGu
— G// /O ((V/ o V)F/ OGM)
(G"W oG"u)o (V ov)F by Godement’s rule
G4l o 1) (v 0 V) F
= (Vov)-(Wop)

where we have also used, say, V'F' o vF' = (V' o v)F’, which is straightforward to
check. 0
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1.4 Yoneda lemma and embedding

In this section, we study a remarkable class of functors. Let C be a category. The
functors F' : C°? — Set are called set-valued functors, or presheaves. The hom
functors C|_, C|] are called representable presheaves.

Lemma 1.4.1 (Yoneda lemma) For any functor F : CP? — Set and any object
C : C, the following isomorphism holds in Set:

FC = Set®”[C[, C], F] .

PROOF. We define ic : FC' — SetC”[C[_, C], F] with inverse jc : Set®”[C[, C], F] —
FC as follows:

ic(x) =ADX :D — C.(Fl)(x) jo(r)=7c(idc) .

We leave it to the reader to prove that ic(x) is natural and that ic and jo are
inverse. We refer to section 2.6 for a graphical proof. O

Theorem 1.4.2 (Yoneda) For any category C, the curried form of the hom func-
tor Y = \z.C[L,z] : C — Set®” is full and faithful. It is called the Yoneda
embedding.

PRrOOF. We specialise the Yoneda lemma to F' = Y C’, and we verify that if =Y f,
for all f. Indeed, we have, for all D,l: D — C"

e (if)pl=YC'lf =CJl,C'|f =lo f on one hand,
e (Yf)pl=CJ[f,D]l =10 f on the other hand.

Then we know that Y is bijective on C[C,C’], by the Yoneda lemma. O
Proposition 1.4.3 FEvery presheaf is a colimit of representable presheaves.

ProOOF. Let P : C? — Set. We are looking for a diagram D : I — C such that P
will be the limit of Y o D. We take as I the graph underlying the category Elt(P)
that is defined as follows: objects are pairs (C,p), with C': C and p € PC. and we
set:

Elt(P)[(C,p), (C",p')] = {u € C[C,C"] | Pup’ = p}

We take D = 7, where 7(C,p) = C and 7(u) = u.

We construct a cocone (P, {hcp) }(cp):i(p) Over Y om by taking hc ) = ic(p),
where ic is given by the Yoneda lemma. Let (Q,{\cp)}(cp):Eie(p) be an arbitrary
cocone over Y o We define v : P — Q by vo(p) = j(Acp)). We leave it to the
reader to show that the colimiting cone is indeed a cocone, and that v is indeed the
unique mediating morphism. We refer to Section 2.6 for a graphical proof. O

The following exercise gives a suggestive illustration of this theorem (in the
degenerated case where C is a preorder).
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Exercise 1.4.4 Let A be an alphabet of letters or actions, and let A* be the set of
words over A, ordered by the prefix ordering, and considered as a category.

1. Show that giving a functor from (A*)°P to Set amounts to giving a synchroni-
sation forest, i.e. a labelled oriented acyclic graph (in the ordinary sense where
there is at most one edge between two vertices). The labels are on edges (and
may be non distinct). Here is an example:

Y
NA N LT

These forests can be formalised as follows:

e A synchronisation forest is a set of synchronisation trees.

o If {P;}icr is a family of synchronisation trees and if {a;}icr is a family
of actions over the same index set, then ey (a; - P;) is a synchroni-
sation tree (where the formal sum is taken modulo commutativity and
associativity).

The base case of the above inductive definition is when I = (). (Synchronisation
forests are automata with possibly infinitely many states, without initial and
final state, and without loop.) (Hint: think of what should be the action of the
functor F' on the unique arrow from, say, s to ss’ in A*.)

2. Spell out what this means that the above example of a synchronisation forest
is a colimit of representable functors. (Hint: a forest is a glueing of branches,
and glueing has to do with quotienting, which has to do with taking a colimit
(cf. Exercise 1.2.12).)

A key interest of the Yoneda embedding is that it embeds an arbitrary category
into a richly structured one. By Exercises 1.2.12 and 1.3.10, Set®” has all limits
and all colimits. It is also a CCC, as we now show.

Proposition 1.4.5 The category SetC” (for any category C) is a CCC.

PROOF. The cartesian structure is built pointwise. The terminal functor maps every
object C' : C to the singleton set {*}, and every morphism to id,;. The product
F x G of two functors is defined by (FF' x G)A = FAxGA and (FxG)f = FfxGf.
But this would not work for the exponent, because then f would have to behave
both contravariantly and covariantly. Yoneda lemma provides the solution. It tells
us that GFC must be in bijective correspondence with Set©”[C[_, C], G¥], but the
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latter must be in bijective correspondence with Set®” [C[_,C] x F,G]. This gives
us the definition of G on objects:

(F — G)C = Set®”[C[,C] x F,G]

The rest follows easily (things come in place by matching the types): For F,G :
C° — Set we define:

((FHG)f:U')A(gax) :MA(fogvx) (/.LC[_,C] XF—>G,fID—>C,
g:A— D,x € Fa)

eve(p, x) = pel(ide, ) ((u:C[,C)x F— G,z € FC)

(Aw)cz)a(f,z) =va(Hfz,x) (v:HxF—G,z€ HC,
f:A—C,x € Fa)

O

Exercise 1.4.6 Let C be a CCC which has an initial object 0. Then show that for
any A : C:

1. 0 x A=0,
2. C[A,0] # 0 implies A =0 (thus C[A,0] has at most one element).

3. If furthermore C has finite limits, show that, for any A : C, the unique mor-
phism from 0 to A is mono.

Hints: C[0 x A, B] = C[0, B4] and consider in particular B =0 x A. Consider also
1P o 1. Suppose f: A — 0. Then consider ma o (f,id).

Exercise 1.4.7 Let C be a CCC, and 0 be an object such that the natural transfor-
mation p: Ax.x — Ax.(xr — 0) — 0 defined by p = A(ev o (mwa,m1)) is iso. Show that
0 s initial and that C is a preorder
(This is an important negative fact: there is no nontrivial categorical semantics
of classical logic, thinking of 0 as absurdity and of (x — 0) — 0 as double negation.)
Hints: (i) 0 — 0= 1, by observing 1 =2 (1 —0) — 0, and (1 — A) = A, for any
A. (ii) For any A:

[0 x (A — 0),0]

Cl0,A] = " ]
= —0,1] .

[0,(A—=0) = 0] =

C
C[A — 0,0 — 0]

QQa

(iii) For any A, B: C[A,B] = C[A,(B — 0) — 0] 2 C[A x (B — 0),0].
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1.5 Adjunctions

We now define the notion of adjunction, which has several characterizations.

Definition 1.5.1 (adjunction (definition 1)) An adjunction between two cate-
gories C,C' is a triple (F,G,(), where F : C — C' and G : C' — C are functors
and ¢ : C'[F_1, 2] — C[.1,G2] is a natural isomorphism. We say that F' is the left
adjoint and that G is the right adjoint, and we denote this situation by F' 4 G.

Spelling out the definition, we have a family of bijections (¢ : C'[FC,C'] —
C[C, GC'] such that

Cepr(gof)=Ggolen(f) (f:FC—C'g:C"— D)
Cp,c/(foLh)=C(cc(f)oh (f:FC—C/h:D— C)

When C,C’ are preorders, the definition of adjunction boils down to that of a
Galois connection: two functions F, G such that for all C,C" FC < ' if and only if
C <GC'.

Definition 1.5.2 (adjunction (definition 2)) An adjunction between two cate-
gories C,C’ is a quadruple (F,G,n,¢€), where F': C — C' and G : C' — C are
functors and n : idc — GF and € : FG — idc: are natural transformations such
that

GeonG =1idg and eFoFn=idg

We show how to mutually derive the data of these two definitions:
e Given (, we define n4 = (4, ra(idrpa) and eqr = ((_;}1, w(idgar).
e Given 1, ¢, we define {o.c/(f) = Gf onc and (5t (9) = ecr o Fg.

Definition 1.5.3 (universal morphism) Let G : C — D be a functor and D an
object in D. Then the pair (C,u : D — GC) is universal from D to G if:

VC'Vg:D—GC' 3f:C - (Gfou=yg) .
The notion of a couniversal pair is defined dually.

We note that, in reference to the above definition, if . : D’ — D is a an iso, and
if (C,u: D — GC) is universal from D to G, then (C,u o) is universal from D’ to
G: given ¢’ : D' — GC', we first build ¢ = ¢’ 0+~ !, and then the unique associated
f, which fits and is the only one to fit since Gf ou = g reads as Gf o (uot) = ¢ .

Our last two definitions of adjunction are more economical in the sense that

they do not suppose that we have two functors, nor that the unit or counit or the
bijections are natural: these come as derived facts.
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Definition 1.5.4 (adjunction (definition 3)) Let C, C’ be categories, and let
G : C' — C. Then we say that G has a left adjoint if for avery object C : C there
exists a universal pair, denoted as (FC,nc : C — GFC) from C to G.

The following diagram (where we use the same conventions as in section 1.2) spells
out the definition:

c GFC

We leave it to the reader to extend the definition of F' to morphisms, to show
that 7 is then natural (not too surprising, since the definition of F' on morphisms is
taylored for this), and to check that the correspondence associating f to g defines a
bijection between C[C, GC'] and C'[FC, "], and that this collection of bijections is
natural (back to definition 1, with f = ¢~1(g)!)

Definition 3 is useful when we want to construct a left adjoint. One of the most
frequent situations of adjunction is the construction of a free structure. We describe
this in a very simple instance.

Consider a signature, say, ¥ = {c, f}, where ¢ and f are function symbols of
respective arities 0 et 2. A X-algebra consists of a set A, an element cy4 of A for
interpreting ¢ and a function f4 from A x A — A for interpreting f. We can put
these informations together in the form of a morphism a : (1 + (4 x A)) — A.
Let ¥ : Set — Set be the functor defined by ¢ = Az. 1 + (z X z), and more
generally 3 = Az.[] e 29 (I) for an arbitrary signature, where ar( f) is the arrity
of the symbol f. This makes sense in any category that has finite products and
coproducts, and in particular in Set. A Y-algebra is thus a pair (4,a : XA — A).
A morphism of ¥-algebras is a function between their underlying sets that preserves
the (interpretations) of the operations. We leave it to the reader to check that this
is synthetically taken care of by the following abstract definition. A morphism from
(A,a) to (B,b) is a function f : A — B such that the following square commutes:

A<TEA

T

B=——XB

Clearly, X-algebras and Y-algebra morphisms form a category, let us call it Set®.
More generally, given any category C and any endofunctor F' : C — C, we can
define the category C* of Y-algebras (see Section 4.1). There is an obvious functor
U : Set™ — Set defined by U(A,a) = A and Uf = f. This functor forgets the 2-
algebra structure, and is therefore called a forgetful functor. In the reverse direction,
there is a functor Ty, that maps a set X to the free ¥-algebra over X, which has as
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carrier the set of terms written with the following syntax:
tu=uwx|c| f(tt)

where x ranges over X. The distinguished element of Ty is the term ¢, and the
binary operation associated with f maps (t1,%2) to f(t1,t2). We have Tx, 4 U and
the adjunction says precisely that 7% is a free construction:

X VT ()
\\ vs”
I\ e
U(A,a)

Here nx is the inclusion function: each z € X is a term, and the unique g* is the
unique extension of g to all terms, which is defined by induction:

g (t1) =y1 g*(ta) = yo
g (x) =g(x) g*'(c)=ca  g"(f(t1,t2)) = falyr,v2)

Note that in common mathematical practive, the functor U is omitted, and one
draws simply:

(4, a)

which is easier to read, while the categorical formulation is more careful about type
coercions: an element z € X is “coerced” to a term z € Tx(X), etc.. ..

Our last definition is tailored to the construction of right adjoints.

Definition 1.5.5 (adjunction (definition 4)) Let C, C’ be categories, and let
F :C — C'. Then we say that F has a right adjoint if for every object C' : C' there
exists a couniversal pair, denoted as (GC',ecr : FGC' — C") from F to C'.

The following diagram spells out the definition (of course, here g = ((f) in the
terminology of the first definition):

We did not display the diagrams corresponding to the third and fourth definitions
symmetrically, but they actually are, up to a rotation. We have drawn the triangles
following rather common practice found in papers and books. The fact is that in a
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given application, one rarely sees the two sorts of diagrams together, so there is no
real need to symmetrise them perfectly.

Here are two fundamental examples of adjunctions, for which the fourth presen-
taiion is the most natural.

e Limits. We fix a graph I and a category C. A diagram D : I — C is like
a functor, less the preservation of identities and composition. The notion of
natural transformation does not involve any category structure on the source
category, but only on the target category. Therefore it makes perfect sense to
speak about natural transformations between diagrams. Diagrams and natural
transformations between them form a category, which we denote with CI. A
cone (C,{\;}i.1) over D can be seen as a natural transformation A : AC' — D,
where A : C — CT is the curried form of the first projection, i.e., maps C
to the constant diagram that maps every ¢ to C' and every u to idg. Then
the fact that C admits all I-limits can be characterised as the fact that the
functor A has a right adjoint Lim. LimD provides us with the vertex of the
limiting cone, and the counit provides us with the limiting cone. We leave the
reader convince himself by some drawings. If one is just interested in the limit
of some diagram D, then a limiting cone is a couniversal arrow from A to D.

Similarly, colimits give rise to a left adjoint to the constant functor, or indi-
vidually are universal arrows from D to A.

e Exponents. A category has all exponents of the form B4, for some fixed A, if
and only if the functor _ x A has a right adjoint G. The morphisms ev form
the counit of this adjunction, GB is B4, and A(f) is the unique g : C — B4
associated with f: C' x A — B.

We summarise below the three examples of adjunctions given in this section:

free X-algebras Limits CCC

Ts AU A-4Lim (CxA)A4A

We end the section with an important result that relates adjunctions with limit
preservation.

Proposition 1.5.6 Right adjoints preserve limits, and left adjoints preserve colim-
its.

PROOF. We deal only with limits (the other half of the statement is dual, and hence
comes for free). Let D' : I — C’ of limit C’. The key is to “translate” a cone
(C,{\; : C — GD'i};1 into a cone of vertex F'C over D', and to translate back its
mediating arrow from F'C to C’ into an arrow from C to GC’. We leave the details
to the reader. (See Section 2.3 for a graphical proof.)

O
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We cannot resist giving an alternative, more diagrammatic proof of this result,
under the assumption that both C and C' have all limits of shape I. This addi-
tional assumption allows us to exploit the characterisation of limits by adjunctions.
Contemplate the following square of adjunctions (for the bottom adjunction, see
Exercise 1.5.9):

/

A Lim A Lim

GI
/\
CI C/I
\F_q/

We have AF = FTA, as highlighted in the drawing. Indeed, we have

(AF)Ci= A(FC)i = FC
(FIA)Ci = FY(AC)i = (F o (AC))i = F(ACi) = FC

From this it follows (using Exercise 1.5.8) that GLim and LimGT are both right
adjoint to the same functor. Hence they coincide up to isomorphism (see Exercise
1.5.7). Spelling this out, we have proved our statement:

G(LimD) = Lim(G o D)

Exercise 1.5.7 Show that it F 4 G and F 4 G', then G and G’ coincide up to a
unique isomorphism respecting some property (which one?). (We give a graphical
solution to this exercise in Section 2.2.)

Exercise 1.5.8 Show that adjunctions compose: if F 4 G (with F : C — C’) and
F'AG" (with F' : C' — C"), then (F' o F) 4 (G’ o G).

Exercise 1.5.9 Show that if F 4 G (with F : C — C'), and if 1 is a graph, then
F' 4 G, where, say, F' : Cl — c’tois defined by FY(D) = F o D. (We give a
graphical solution to this exercise in Section 2.3.)

1.6 Equivalences of categories

In this section, we investigate special cases of adjunctions: equivalences, reflections
and coreflections. All these notions have to do with one or two of the functors
in a pair of adjoint functors being full and faithuful. We therefore begin by a
characterisation of the faithfulness and the fullness of adjoint functors. The proofs
of the following two propositions are given in Section 2.4.
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Proposition 1.6.1 For an adjunction F - G the following holds:
1. G is faithful if and only if every component of the counit is an epi.
2. G s full if and only if every component of the counit is a split mono.
3. G is full and faithful if and only if the counit is iso.

Dually, F is faithful (resp. full) if every component of the unit is mono (resp. split
epi), and is full and faithful iff n is iso.

Proposition 1.6.2 The following properties of a functor F' : C — C’ are equiva-
lent:

1. There exists a functor G : C' — C and two natural equivalences v : GF — idc
and !/ : FG — idcr.

2. F is part of an adjunction F' 4 G in which the unit and the counit are natural
isomorphisms.

3. F is full and faithful and VC': C' 3C € C (C' 2 FC).

When either of these properties holds, we say that F or that ' 4 G is an equivalence
of categories.

We note that if F' 4 G is an equivalence of categories, then we also have G - F',
with unit (resp. counit) the inverse of the counit (resp. of the unit) of the adjunction
FAHG.

Exercise 1.6.3 Give examples of equivalent but not isomorphic preorders.

Exercise 1.6.4 Show that any adjunction cuts down to an equivalence between the
full subcategory whose objects are those at which the counit and the unit, respectively,
are 1so.

Definition 1.6.5 A reflection is an adjunction F' 4 G where F' is full and faithful
(or equivalently where the unit is iso). Dually, a coreflection is an adjunction F 4 G
where G is full and faithful (or equivalently where the counit is iso).

(In some books, starting with [36], one only assumes the faithfulness of F' (resp.
G) in the definition of a reflection (resp. coreflection). We do not see much interest
in this relaxation, though, as we regard the following proposition as the key property
of reflections and coreflections.)

Proposition 1.6.6 Let F': C — C' and G : C' — C be two functors.

1. If F 4 G is a reflection, if D' : I — C' is a diagram in C', and if GD' has a
colimit in C, then F(colim GD') is a colimit of D'.
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2. If F 4G is a coreflection, if D : 1 — C is a diagram in C, and if FD has a
limit in C', then G(lim F D) is a limit of D.

3. If F 4 G is an equivalence of categories, then C and C' are interchangeable as
regards having limits and colimits.

PROOF. The proofs of (1) and (2) are dual (since an adjunction F' 4 G gives rise
to an adjunction G°? - F°P). Statement (3) is a consequence of the observation
that when F' - GG is an equivalence of categories, then F' 4 G and G - F' are both a
reflection and a coreflection. We prove, say, (2). Since right adjoints preserve limits
(Proposition 1.5.6), G(lim F'D) is a limit of GF'D. But D and GFD are isomorphic
diagrams, since €D is iso. Hence G(lim F'D) is a limit of D. O

1.7 Monads

If we have an adjunction F' 4 G between two categories C and C’, what can we say
that concerns only C? First, there is an endofunctor T'= GF : C — C. Second, the
unity reads now as n : i«d — T. Finally, by pre and postcomposing ¢, we obtain a
natural transformation y = GeF : TT' — T'. This leads us to the following definition.

Definition 1.7.1 Let C be a category. A monad on C is a triple (T,n,u) where
T:C—C,n:idc—T and p:TT — T, and where n and p satisfy the following
three equations:

po(uT)=po(Tp)  poT)=idr  po(Tn)=idr

We say that a functor T’ gives rise to a monad structure if there exists n, u that turn
it into a monad.

The notion of monad is closely related to that of adjunction. This will be explained
at length in section 2.5. Here we content ourselves with giving a number of examples
in the following exercises. These exercises should convince the reader of the relevance
of monads for programming languages.

Exercise 1.7.2 Show that the powerset functor P and that the list functor List each
gives rise to a monad on Set.

Exercise 1.7.3 Let S be a fized set. Show that the functor (- x S)° gives rise to
a monad on Set. (This monad is called the state monad,: think of S as a set of
states, and that an expression’s value depends on the state and that its evaluation
may have side-effects on the state.)

Exercise 1.7.4 Let R be a fived set. Show that the functor R gives rise to a
monad on Set. (This monad is called the continuation monad: think of R as a
set of final results, and of functions ¢ : A — R as continuations, or as contexts of
evaluation.)
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Chapter 2
String diagrams

In this chapter, we introduce the graphical language of string diagrams (Section 2.1).
With these new glasses we revisit adjunctions (Section 2.2), limits (Section 2.3), and
equivalences of categories (Section 2.4).

2.1 String diagrams

We represent a natural tranformation p: GF' — H as follows:

Under this representation, functors are 1-dimensional (like in the usual pasting di-
agrams), natural transformations are 0-dimensional (think of the circle around p as
just a node in a graph). As for the categories, if F : C — C', G : C' — C”, and
H : C — C”, then, seeing the edges of the graph as half-lines, the above figure
delineates twree regions, corresponding to the three categories. In other words, in
this representation, categories are 2-dimensional:

31
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F G
C’

H
The situation is thus Poincaré dual to that of pasting diagrams:
categories functors natural transformations
pasting diagrams 0 1 2
string diagrams 2 1 0

We represent the vertical composition of p with a natural transformation v : G'F’' —
GF as follows:

F’ G

H
With this notation, Godement’s rule amounts to the following identity:

F G F G
F/ G/ = Fl Gl
and that is the key quality of this notation: we have exchanged naturality diagrams
(which are often a bit boring to check) against the ability to freely move up and down
parts of drawings, just like elevators, as long as they circulate in non-overlapping
cages. Such diagrams are called string diagrams.
String diagrams deal with identity functors and natural transformations implic-

ity. We represent, say, u : id — F (with F': C — C), and id : G — G (with
G:C—C)as
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2 and

respectively.

Note that our diagrams are still annotated with the usual textual syntax for
functors and natural transformations. We must therefore include the relevant com-
mutation rules between the graphical representation and the textual one:

F F

G e

F G GF
= H = H
FG G GF G
Dr @ -
FG' = el GF = el

Sometimes, it will be useful to add explicit coercions (with H = GF)

H F G
F G and H

between the two sides ot the top left equality above (more on this in Section 2.3).



34 CHAPTER 2. STRING DIAGRAMS

We ask these coercions to satisfy some equations (see Section 2.3.2).

We can also use string diagrams to describe morphisms f : A — B in a category
C. It suffices to see A and B as functors from the terminal category 1 to C, yielding
A

B

with the left and right half plane corresponding to 1 and C, respectively. And for
Ff, we can write indifferently (cf. above)
A A F

B or B F

2.2 Adjunctions

The following two equations express the definition of adjunction F' 4 G with unit n
and counit e.

EQUATION n —e:

EQUATION € —n:
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We now show how this definition allows us to induce the definition of adjunction
in terms of the natural bijections between C[F'A, B] and C'[A,GB]. Given

we define ((f) as follows:

which by forgetting the details in the box is an arrow from A to GB as required.

The naturality of ( is straightforward by construction. For example ((ho f) and
Gh o ((f) are obtained respectively as
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A

and B/ G
which coincide once we remove the boxes highlighting the respective constructions
(or “sequentialisations”, to borrow a terminology from linear logic):

A

B’ G
Conversely, given g : A — GB, we construct £(g) as follows:
A F
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The functions ¢ and ¢ are inverse. For example, let us draw ((£(g)):

A

G

We can then move up g (Godement’s rule), which allows us to isolate an (e — n)
redex. A

B G

after reduction of which all what remains of the box is a wire G, i.e., we have proved

C(€(9) = g.

Suppose conversely that two natural bijections ¢ and ¢ of the above types are
given. We synthesise 74 and e 4/(on every object, thus) as follows:

A A G F
A F G A

We check the naturality of 7, making use of the naturality of ¢ (i.e., ((f)og =
((foFg) and Gho((f) = ((hof)). We work on both ends. We transform GF fonu
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as follows:

Al
<& O

B F G - B F G - B F G

On the other hand, we transform ng o f as follows:

A
. )
@ Clidgs o Ff)
B F G = B F G

and we are done, since F foidpa = idpp o F'f.

We now check Equation (e —n) at A’. We have, by naturality of (:
A G

(w]e) s
@ Ce(idan) o idpea)

A G - A G

and we conclude, since (({(idgar)) = id.

We conclude this section by showing the uniqueness of adjoints up to iso.
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SOLUTION OF EXERCISE 1.5.7.  Suppose that we have F' 4 G with unit 5 and
counit € on one hand, and F 4 G’ with unit 7" and counit ¢ on the other hand.
Then there exists a unique iso a : G — G’ such that aF on = 7/, or, equivalently,
there exists a unique iso 3 : G’ — G (the inverse of «) such that e o F3 = €. We
synthesise a from the requirement. If

F G/ — F G/
then by plugging € on both sides on the F wire, we get on the right hand side

G

GI

while the left hand side simplifies to « using Equality (¢ — n), after having moved
down «, as shown below:

G

Hence a must be equal to the diagram above.
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We synthesise § similarly:

G/

It is straightforward that « (resp. () fulfills the requirement. We check that foa =
id. Moving down the € and moving up the n we obtain

Then reducing the central (n — €) redex leaves us with an (¢ — ) redex, whose
reduction in turn leaves us with a G wire, i.e. the identity natural transformation
from G to GG, as claimed.

2.2.1 Relating adjunctions*

Let F 4G and F' 4 G’ be two adjunctions between the same categories C and C’.. These
data induce a bijective correspondence between C'C[F’, F] and C€ [G,G'] that maps o :
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F’—>Ft0 G

G/
This natural transformation is called the conjugate of o This correspondence is bijective
(its inverse is defined in a dual way), and contravariantly functorial in the sense that if
F” 4 G" is a further adjunction between C and C’, then the conjugate of o o ¢’ is the
inversed composition of the conjugates of ¢’ and o.

We illustrate this by proving a result on parameterised adjunctions. Let F' : C”"xC — C’
be a bifunctor, and suppose that for all A”, A\x.F(A”,z) (a functor from C to C’) has a
right adjoint G4~. We shall prove that the family formed by the G 4’s induces a functor
G : C" x C' — C. We describe this functor in curried form (and we also use F' in curried
form):

o GA” = GAH,

e Gf is the conjugate of F'f.
We check that this is correctly typed. If f : A” — B”, then we have F'f : FA" — FB”
(where, say, FA” is what we previously wrote without abuse of notation as Az.F (A", x)),
and hence Gf : GB” — GA”. So we have defined a contravariant functor from C” to C,

i.e., in uncurried form, we have defined as required a functor G : C"°? x C’ — C such that
by construction Az'.G(A”,z") = G ar, for all A”.

We next relate adjunctions that are not necessarily between the same categories. We
define a category Adj whose objects are adjunctions. Let F; 4 G; beween C; and Cf,
and Fy 4 G3 beween Cy and C). Then Adj[(Fy 7 G1), (F2 4 G2)] consists of the pairs of
functors H : C; — Cy and H' : C'; — C} such that

o LH = H'F),
L] HG1 = GQH/,

e and H' commutes with counities:

G, H Fy Gy H Fy

Fy G2

° H/ — H/ e
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The third condition (in the presence of the first two conditions) is equivalent to the following
symmetric condition of commutation with unities:

SO
G

Fy H’ Go = Fy H’ Go (21)

To establish this, we apply an (7 — €) expansion to the F; wire on the right. Then, pushing
11 upwards on both sides, we are left to show:

Gy H

G1 H

H’ G2 = H' G2

Indeed, we get from the left hand side to the right hand side by successively applying the
commutation of H’ with counities, pushing id up, and then reducing the rest of the diagram
to a Gg wire thanks to (e — 7).

So far, we have two notions of morphisms between adjunctions: the notion just defined,
and for adjunctions between the same categories: in the latter case a morphism is a natural
transformation o : I/ — F. But it is more symmetric to look at it as the pair formed by o
and its conjugate 7, where o and 7 are mutually defined via the following equation:
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7Y

There is a more general notion of morphism between two adjunctions, that has the
previous ones as instances. The general definition takes as morphism from F; 4 G; to
F, 4 G5 the quadruples of the form (H,H',o : Fo,H — H'Fy, 7 : HG, — G2H') such that
the following commutation property hoids with respect to counities:

KA

This equality is equivalent to a dual commutation property with respect to unities (obtained
by composing the two diagrams above with 77 on the left and 7 on the right. The conju-
gation instance corresponds to the case where H = H' = id, and that of morphism in the
category Adj to the case where o = 7 = id.

2.3 Adjunctions and limits

We devote this section to a graphical proof of Proposition 1.5.6. On the way, we
shall also give a graphical solution to Exercise 1.5.9. We are facing a difficulty:
given a diagram D : I — C, how should we draw a cone of domain AC to D? The
domain is a functor from 1 to CI, hence we have no choice but to consider D also
as a functor from 1 to CL. But when we shall deal with the diagram F'D (with
F : C — C/, we shall want D to be now a functor from I to C. Under this guise,
we denote it as D.

Note that in any CCC, there is a bijective correspondence betwen the morphisms
from A to B and the points of BA, cf. Exercise 1.3.5. We shall use here underlining
as an explicit coercion from the latter to the former.

2.3.1 Coercions in string diagrams

Graphically, we shall introduce boxes of the following kind:
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where the contents of the box is a string diagram living in Cat[1, CY] while the whole
diagram, once coerced, lives in Cat[I, C], and can be inserted in a larger diagram
(e.g. by placing a wire F' : C — C’ on the right.

We have the following law of commutation between coercion and composition:

D D
D
D
D/
D' D'
D/
D/I
D/l
D’ = D" (2.2)

2.3.2 The laws of explicit equality

We pause here to resume our discussion of explicit equality nodes in string diagrams.
We axiomatize them through the following equalities.
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F G H F G H
ﬁ J <>
GF HG
(D D
HGF - HGF
HGF HGF
: =2
GF HG
<> <>
F G H - F G H

45
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GF H GF H
<> (D
N
< <>
F HG = F HG (2.4
F HG F HG
< (D
%
< <>
GF H = GF o (2.5

The associativity equation allows us to define unambiguously equality nodes of
arbitrary arities:

)

)
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G Gj Gp

as an abbreviation of

(2.6)

Our set of equations for the equality nodes has the following completeness, or

coherence property: any connected string diagram with m input wires and n input

wires that is written only with equality nodes is provably equal to to a single wire

when m = n = 1, and to some diagram of the form (2.6) otherwise. We shall call

such a diagram an equality normal form. In the proof, we tacitly assume that the

notation (2.6) just means the wire H when m = n = 1. The proof is by induction

on the size of the diagram. Let us push upwards one of the top equality nodes in

the diagram. Applying induction to the rest, we are in one of the following four
situations:




48 CHAPTER 2. STRING DIAGRAMS

In this case, there is nothing to do, since the whole diagram is also in equality
normal form.

Gl Gj Gn
In this case, we conclude using Equation (2.3). Note that if m =2 and n =1,
we get a single wire as the result.

3. The chosen top operator is as in case (2), but ¢ = 1. Then we conclude using
Equation (2.4):

i Fy Fy F,
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(whrere H = F,, ... F).

4. The chosen top operator is as in case (2), but i — 1 = m. We apply Equation
(2.5).

But this is not yet enough. We also need a rule that allows us to remove an equal-
ity node when it relates a sequence Fi, ..., F;, to the identical sequence Fi,..., F,,.
So we also require the converse of Equation 2.3:

F G

F G = (2.7)

By associativity and by induction, this equality extends easily to sequences of func-
tors:

2.3.3 Coercions in action

We can now go ahead with the subject of this section. The action of the functor
FT is described on objects by the equality F1D = FD and thus graphically by the
following operators:



20 CHAPTER 2. STRING DIAGRAMS

F'D
D F and

D F

and on morphisms by the following equation:

FD

FID/ = (29)

SOLUTION OF EXERCISE 1.5.9. We have to prove that if F 4 G (with F': C — C’),
and if I is a graph, then FT 4 GT.

We define n' as follows:
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IS
>

GIF'D = GIFD

We define ! similarly:

FIGiD’ FIGiD’

We show, say, that Equation (1 — ¢) holds for 1 and e!. We have to prove
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IS

T

I
i
T

FI

Using equation (2.2), we can decompose the left hand side as the vertical compostion
of

F! lex

FIGIFID

and
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FIGIFID

S
!

Applying equation (2.9) and then unfolding the definition of 5! in the top diagram,
we get

FD

Q F

FIGIFD

IS

Applying the definition of €!, the bottom diagram becomes
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FIGIFID

and we conclude using Equations 2.8 and (n — €). O

We now turn to limit preservation. We first state two equations that are satisfied
by the functor A:

GIA = AG and Apg = pA'A

We refer to the discussion following Proposition 1.5.6 for a proof of the first equality
(on objects). For the second equality, we have (on objects), for every i : I:

Apar, = par = paa = (LA'A');

We also observe that we have AGA’ = GA’ A’ as a special case of the second equality;
it can also be obtained from the first one and from the equality F/D = FD, as
follows:

AGA' = GIN' A = GA' A

Somehow, the equation Aus = pA’A’ says that u survives safely the intermediate

passage through G! (cf. the definition of 5! and €! above). Graphically, this equation
is expressed as follows:
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AGA AGA

! (=
G
G/

. <

AG'A = AG'A (2.10)

PROOF OF PROPOSITION 1.5.6.

Let F 4 G be an adjunction between two categories C and C’, let D' : I — C’
be a diagram that has a limiting cone &’ : A’/C’' — D’. We want to show that the
following cone x from GC’ to GD' (which we must write here a GID’, since D' is
treated as going from 1 to CI, just as A’C"), is a limiting cone.

C’ G A

A/

D’ Gt

(k is a cone by construction, since a string diagram denotes a natural transforma-
tion).

Consider next an arbitrary cone A : AC' — GID’. We look for a mediating arrow
from C to GC’. For this we use X to construct a cone X over D’, as follows:
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c F A’

(20
D/ e

and then we get our candidate mediating arrow ((A) as follows:

D
F

c’ G
We have to check that ko A((A) = A. The left hand side of this equality is the
following diagram:

where we have isolated a subregion which can be replaced by X, since ¢'(\) is the
mediating arrow for \'. After replacement, the diagram is as follows:
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We shall prove the following equality:

A F! el = FI al (2.11)

from which we will be able to conclude, since by using (2.11), followed by the equality
(e —n) (applied to F 4 GT), we get ), as required.
We prove (2.11) pointwise, by placing either ot the two sides of the equality in
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the following context (a context E is a string diagram with a hole, which we denote
by a dashed box with empty content):

AC
A
N
:
. i
AFIGI
H

where H = GYFTAC = AGFC. In this context, we can replace n' with its definition
(performing an = expansion of the H wire) yielding

On the other hand, writing the left hand side of Equation (2.11) as
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B>

‘N

A FI. Gt

where K = H, it is apparent that we arrive at the same result, applying Equation
(2.10) and Equation (2.2).

It remains to show the uniqueness of the mediating arrow, i.e., that if h : C' —
G(' is such that

6 Q

A/

u\ a

then h = ((\). We shall prove:
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C F C F
(Cb(\Q))
c’ - c’
from which A = ((\) will follow by (e —n). To prove this equality, it suffices to
prove that the left hand side is mediating from A to &’ (since £’ is a limiting cone

by assumption). Now, replacing A in the definition of X', we get the following string
diagram for \':

and we are done thanks to the following equality:
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which is proved in the same way as Equation (2.11).

2.4 Equivalences of categories

In this section, we provide proofs for the two propositions stated in Section 1.6.
PrROOF OF PROPOSITION 1.6.1. We recall that we are given an adjunction F' 4 G.
We have to prove that: (1) G is faithful if and only if every component of the counit
is an epi, (2) G is full if and only if every component of the counit is a split mono,
and (3) G is full and faithful if and only if the counit is iso. (1) Let us suppose first
that each component of € is epi, and suppose that Gf' = Gg' (for f',¢' : A” — B’).
Then we can replace Gf' with G¢’ in

Pushing up €, we get thus
A G F A G F
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and we conclude f’ = ¢’ from the assumption. Suppose conversely that G is faithful
and that we have f'ex = ¢g’eq. Then by plugging n on top of both sides of the
equality, and applying (e — 1), we get Gf' = G¢’, and hence [’ = ¢'.

(2) Suppose first that G is full. We are looking for a family of morphisms x4 :
A’ — FGA’ such that x4 0o ear = idpgar. Since G is full, we can first look for a
morphism from GA’ to GFGA’, and one tempting such morphism is ng4/. We thus
take for x 4- a morphism such that

A/
GO e e
A G F = F G
We have to prove:
A G F

A G F =

This is achieved by moving € down (and to the right), so as to be able to highlight
Gxar:

G F

A G F
from where the conclusion is easy, replacing Gy 4» with its definition and applying
(n—e).
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Conversely, suppose that we have a family of morphisms x as, each left inverse for
ear. Let f: GA" — GB'. We are looking for a morphism from A’ to B’, depending
on f and whose definition makes use of y 4. A natural candidate is

We have tho check that, adding a G wire on the right, we recover f. We in fact add
an (e —n) expansion of G so as to prepare the ground for the elimination of x 4/:

G

Now we apply our assumption and replace the region by three wires:
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and we get f as wished, after pushing f up and applying (e — 7).

(3) The last part of the statement is an obvious consequence of the first two parts,
keeping in mind that a natural transformation is an iso if and only if all its compo-
nents are iso (cf. Exercise 1.3.9). O

PROOF OF PROPOSITION 1.6.2. We recall that, given a functor F' : C — C/, we
have to prove that the following properties are equivalent: (1) there exists a functor
G : C' — C and two natural equivalences ¢ : GF — idc and /' : FG —¢, (2)
F' is part of an adjunction F' 4 G in which the unit and the counit are natural
isomorphisms, and (3) F is full and faithful and VC’: C' 3C : C (C' = FC).

Obviously, (2) implies (1). We show that (1) implies (3). For C, take GC'.
To prove the faithfulness of G in Proposition 1.6.1, we used only the existence of
a natural transformation € : FG — id whose components are epi. We might thus
as well have used the transformation . So we note that (1) implies that G is
faithful, a fact that we shall exploit to prove the fullness of F'. Using likewise that
all components af 1! are (a fortiori) mono, we get that also F is faithful. We now
prove that F is full,. Let f': FA — FB. Following the steps taken in the proof of
Proposition 1.6.1, a natural candidate for a preimage f is
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We cannot proceed directly to prove F f = f’. But we know that G is faithful, so it
suffices to prove GF f = Gf’. Making once more use of the inverse isomorphisms ¢
and ¢/, we can display GF f as

We can then rearrange the picture so as to make two new cancellations of inverses
visible:
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Fg;
()
CJ

Yo

and we rare done, i.e. after reducing the top and bottom inverse isomorphisms, we
get G'f' as required.

We prove finally that (3) implies (2). We set GC’' = C, and we call ecr the iso
given in the statement. Let f : FC — C’. We have to find g : C — GC’ such that
ecroFg = f,ie., such that Fg = ea,l o f. Such an arrow exists and is unique since F’
is full and faithful. We have thus an adjunction. The fact that F' is full and faithful
then also implies that all components of the unit of this adjunction are iso. This
completes the proof.

(Remark: one may be curious of a direct proof of (1)=(2): one can take /" as e,
but then an attempt to define 7 directly as a string diagram in terms of ¢, // and
their inverses does not lead us anywhere; one has instead to establish first that F
is full and faithful, and from there we can define n¢ as the unique preimage of L},?Cl;

thus, the above organisation of the proof, that we borrowed from [36], is the right
one.) O

2.5 Monads

We recall from Section 1.7 that, given an adjunction F' - G between two categories
C and C’, we can focus on C and consider the endofunctor T = GF : C — C. We
then read the unit as 7 : id — T, and, by placing an F' on the left and a G on the
right, we get a natural transformation p: 77T — T
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We also recall that a monad is given by a category C, an endofunctor 7" and two
natural transfomations n and p:

T T
T T
satisfying three equations, which we give here in graphical form:

EQUATION p — p

T T T T T T
\ T / \ /) T
T - T

EQUATION py —n:
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EQUATION n — u:

T =

Let us check that the material we got above from an adjunction indeed satisfies
the equation. The left and right members of equation (i — u) are, respectively:

G F G F G F G F
1O . . 1O

and

and hence are equal by Godement’s rule.

The left hand side of (u —7n) is
G

F
which reduces by (¢ —7) to two wires F' and G, that is, to a wire T', as required.
The verification of (u — 7) is symmetric.

2.5.1 Algebras over a monad

Given a monad (T, n, 1) over a category C, an algebra over (7,7, u) is a pair (4, «)
of an object of C and a morphism « : T A — A that satisfies two axioms relating «
with n and pu, respectively.

EQUATION « — n:
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o !

A =

EQUATION « — p:

A T T A T T
\ ! T ! A /
A = A

T-algebras are organised into a category CT, where CT[(4, ), (B, 3)] is the set
of morphisms f € C[A, B] preserving the algebra structure, which amounts to the

following equality:
A T A T
A ! B /
B = B

We now construct an adjunction F7 4 GT between C and CT. We define:
o FT(A)=(TApa) , FI(f)=TF,

e GT(A,a)=A |, GT(f)=f,ie, GT is the forgetful functor (in Chapter 4,
we shall denote it with U, as usual).
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It is clear that GF = T and that G is a functor. We check that FT is well-defined.
The left and right hand sides of the equation FT(f) o ua = up o T(FT(f)) are,
respectively

7 T

and we conclude using Godement’s rule.

We next define ¢ : CT[FT A, (B,a)] — C[A, Bland ¢ : C[A, B] — CT[FT A, (B, a)].
Let g: (TA,pa) — (B,a) and f: A — B. We define ((g) and &(f) as follows:

A T
| 7 (D
T B
B and B

We show that £(f) is indeed a morphism from (T'A, pa) to (B, «), i.e. that £(f) o
pa =aoT(&(f)). The diagram for the left hand side is
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and by applying (o — p) as highlighted, we get oo T'(&(f)).

Next we check that ¢ and & are inverse. Drawing ((£(f)) and pushing f, the
rest of the diagram shrinks to a wire B by applying (o — n), and thus (({(f)) =
f. Conversely, we transform £(((g)) as follows (using the fact g is a T-algebra
morphism):

A T A T

B - B

We get g as required by transforming the (n — p) redex.
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2.5.2 The Kleisli construction

We now provide another way to associate an adjunction with a monad. The Kleisli
category Crp associated with a monad (7,7, 1) on a category C has the same objects
as C, while Cr[A, B] = C[A,TB]|. The identity morphism at A is ng : A — TA,
and the compostion of ¢ : A — T'B and v : B — T'C' is defined as follows:

A

C T

We construct an ajunction Fr 4 G between C and Cr as follows:
L FT(A) = A and GT(A) = TA,
e Fr(f) and Gr(¢) are as follows, respectively:

A T

A
@ T
B T B T

We check that Fpr and G preserve the composition of morphisms. The compo-
sition of Frp(f) and Fr(g) in Cr is
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from where we get Fr(go f) after applying (n—pu). As for G, the proof is as follows,
using rule (p — p):

A T
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We now check that GpFpr = T. This is clear on objects. On morphisms, we get
Gr(Frf)=Tf by applying (n — u) as indicated below:

B T
We have an ajunction situation by construction, since

Cr[FrA, B] = Cp[A, B] = C[A, TB] = C|A, Gy B

2.5.3 Initial and final adjunctions associated to a monad*

We show that the adjunctions constructed in the previous two subsections are “canonical”
in the sense that the first one is final and the second one is initial in the category of all
adjunctions that induce a given monad (7', 7, ) on a category C. We first define this category
as the subcategory of Adj (cf. subsection 2.2.1) whose objects are the adjunctions inducing
T, and whose morphisms are of the form (id, K'). Note that all adjunctions in this category
are between C (fixed) and some C’, and that they all have the same unit 1. Note also that
in the definition of morphism, the condition of commutation with units (and hence with
counits) is satisfied for free. Indeed both hand sides of Equation (2.1) are equal to 7, since

F2 G'1

Ga T Fy

Fl K = = K G2

So, all we have to do now is to prove that, given any adjunction F' 4 G between C and
C’ that induces (T, n, p):

e there exists a unique functor K7 : C' — C7T such that GTK? = G and KTF = FT,
and

e there exists a unique functor K7 : Cy — C’ such that K7 Fr = F and GKr = G,
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We first show the uniqueness of K. The equality GT KT = G says that, for all A, KT A’
has GA’ as carrier and that K7 acts as G on arrows. The equality K7F = FT imposes
KT(FA) = (GFA, pa) for all A, hence in particular KT (FGA') = (GFGA', pgas). Further,
K7T(ea) = Gear has to be a morphism from K(FGA') to KA', i.e., the following string
diagrams have to be equal (remember that ua = G(epa), where € is the counit of the
adjunction F' 4 G):

A G F G F G

o}

A G =

Now we can plug ng 4 on the top on both sides, which leaves us after reduction with a
(uniquely determined) definition of KT A’:
G F
A G
It remains to show that K7 “exists”, i.e., is well-defined and satisfies the required properties.

We check that, for any f': A’ — B’, KT f" is a morphism from Ge4s to Gep,. Indeed, both
KT f"oGey and Geg o T(KT f') read as

A’ G F
@@ .
BI

We have GT KT = G by construction, and KT F = F7 is also easy:

o KTFA = Gera=pa (since F 4G induces T);
o KTFf=GFf=Tf=FTf.
We now synthesize Kp. The equality KpFpr = F imposes KrA = FA. The equality

GKp = G imposes GKr¢ = Gp(¢). Now, by (n — €) expansion, K¢ can be represented
as
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F

By this trick we can use our contextual information about Kr(¢), namely that GKr¢ =
Gr(¢), and replace the highlighted region with

A F

B F

We pause here a second to note that both diagrams — the previous one, and the region above
— indeed have the same interface, namely

B F G

It is a good discipline to make this kind of type-checking often when reasoning with string
diagrams.

Coming back to our synthesis, we notice that after replacement it is still possible to
undo the (7 — €) expansion, since the former and the new region have the same shape on
the right: just two wires G and F. And this leads us to the following (uniquely determined)
value of Kr¢:
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B F

The preservation of composition is a simple game of naturality, as illustrated below:

2.6 Presheaves and string diagrams

In this section, we revisit Yoneda lemma and the result that every presheaf is a
colimit of representable presheaves, using the language of string diagrams. Let
P,Q : C°? — Set be presheaves, and consider a natural transformation u: P — Q.
We would like to be able to draw diagrams not only for uc, but also for puc(p) for
some p € PC. This is possible if we consider p as a morphism from 1 (the terminal
object of Set) to PC":
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C Q

This diagram involves three categories: the terminal category 1 on the left, the
category C° in the middle, and the category Set on the right.

When P = C[, B], then p is a morphism from C to B. But since it is here
viewed as a morphism from 1 to C[_, B]C, we shall use an explicit coercion and
signal it with an overlining. We next give a diagrammatic definition of the left and
right homfunctors, respectively.

EQUATION Homleft:

1 1
B
A cL.Bl = A C[., B

EQUATION Homright:
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1 1
}/ iC[, Al
A CL,B] = A Cl- B]

These two equations define the action of C[f, B] and of C[A, f] on the identity
morphism, but this is enough to derive the full definition of both homfunctors. We

get
1 1
A Ccl..Cl = A C[., (]

by applying Equation (Homleft) on both sides, and then the equality

C C
B (go f)er
A = A

In our description of the left homfunctors, the reversal of f, g witnesses that
these functors are contravariant.
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The full definition of the right homfunctor is the following:

1 1
CL, A]
C ClL.B] = C C[., B]

and we derive it by first transforming the left hand side thanks to equation Homleft,
as follows:

and then applying Equation (Homright) to the highlighted region, which leaves us
with the equation defining the full action of the left homfunctor, that we have already

established.

We now give a graphical proof of Yoneda lemma. Let P : C°? — Set and
p € PC. We define ic(p) : SetC” [C[, O], P] as follows:
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The naturality of ic(p) is expressed as:

in which the highlighted region is equal to f o g by the definition of Clg,C] (cf.
above), from which the naturality equality easily follows, by unfolding the definition
of ic(p). Now let p : SetC” [C[, C], P]. We define jo(u) as
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We check that ic and jo are inverse bijections. Pushing f°? up and p down,

ic(Jo(u)B(f) is

which by Homleft is pp(f). Conversely, jo(ic(p)) is
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which is p.

We prove now graphically that every presheaf is a colimit of representable pre-
sheaves.

ProOOF OF PROPOSITION 1.4.3. Let P : C°. We consider the diagram formed by
the C[_, C]’s indexed over all (C,p) where p € PC. In other words, we have a copy
of C|.,C] for each p. The morphisms of the diagram are all the C[_, f]’s between a
copy of C[_,C4] at p; and a copy of C[_,Cs] at ps such that py = Pfps. We show
that the family of the ic(p)’s provides us with a cocone to P. First, for each (C,p),
we have indeed i¢(p) : C[.,C] — P. We have to show that, for all Cy,Cs, f,ps, the
following triangle commutes:

icy (Pfp2) icy (P2)

i.e., that, for all C, g (and turning to string diagrams):
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C P - C P

We have highlighted a region on the right to ease the parsing of (ic, (Pfp2))c(g).
The region on the left can be transformed to f o g, and the conclusion follows by
definition of i, (p2) since (f o q)°P = g°? o f°P.

Consider now an arbitrary cone formed by a family of A p)’s with codomain
Q. We look for v such that v oic(p) = Ay for all (C,p). In particular, we have
O\emelid) = vo((icm)cid)

1 1 1
C[;C]
C Q = C Q = C Q

where the right hand side provides us with the (uniquely determined) definition of
v.
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We check that v is natural, namely that we have, for all u, p':

1 1
CORN N CD
C '
c Q = 0 Q

We set Pup’ = p and we apply the definition of v, so that the equality to be proved

1 1
]/ (o] C]i c i iC [, C]
C Q = C Q

Since A is a cocone, we can replace A p) with
CL.C]

Cl, ]

(2.12)
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and we conclude using Equations (Homleft) and (Homright).
We are left to check that v is a cocone morphism, i.e., that the following triangle
commutes, for all (C’,p):

Q

N

A’ v p

Cl., ]
The drawing for v oic/(p') at C,u is the left hand side of Equality (2.12), which we
have to match with

C Q

which can be transformed into the right hand side of Equality (2.12) by applying
Equation (Homleft) to w. This completes the proof. O



Chapter 3

Kan extensions

In this chapter, we introduce left and right Kan extensions, that allow us to capture
in a unified framework the notions of limits, adjunctions, as well as the Yoneda
embedding. In Section 3.1, we define Kan extensions and we show how to construct
them in terms of limits and colimits. In Section 3.2, we introduce dinatural trans-
formations, ends and coends, which play a role similar to natural transformations,
limits and colimits for contravariant/covariant functors and we recast the construc-
tions of Section 3.1 in these terms. In Section 3.3, we discuss special cases.

3.1 Kan extensions: definitions and constructions

Recall that in the definition of adjunction, knowing, say, a functor G : C' — C, it
is useful to give a name to the pair (FA,n4 : A — GFA): it is called the universal
pair from A to G (cf. Definition 1.5.4). Likewise, when defining a right adjoint to
a functor F': C — C/, the pair (GA',eq : FGA’ — A’) is called couniversal from
F to A’. This terminology becomes useful when the universal pair does not exist
for every A. Then G may have no left adjoint, but still a universal pair may exist
for certain objects A. Or it may just be that the focus of the discussion concerns a
particular object A.

Let K : M — C be a functor, and let A be a category. We consider the
following problem: does the functor AX : AC — AM have left and right adjoints?
The corresponding universal and couniversal problems are the following.

e A right Kan extension of T': M — A along K is given by a functor Rang (T) :
C — A and anatural transformation e : Rang (1)K — T such that (Ran g (T),
er) is couniversal from A¥ to T.

e A left Kan extension of 7': M — A along K is given by a functor Lang (T) :
C — A and a natural transformation ny : T — Lang (T)K such that (Lang (T),
nr) is universal from T to AX.

The following diagrams illustrate the situation:

87
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K C K C
Ran(T)

M M
/ /
T T
an g (T Lang (T)
A A

We will show that provided A has enough limits, the right Kan extension exists,
and is defined by the following formula:

RCLTLKTC = lim(Tﬂ) EM = )‘idKM

where 7 : (C' | K) — M is the projection functor, where C' | K is the category
whose objects are the pairs (M, f : C — KM), with

(CLEM, f), (M, g)]={h:M — M| g=(Kh)f}

and where (lim(7'7), A) is the limit cone. In order to understand the definition of
€, we note that for C = KM the diagram T'w is indexed by the morphisms from
KM to KM', among which is i¢d ;. The idea underlying the indexation is that of
approaching C' by objects of M, so as to be able to “extend” T from M to C. This
is only an image, as we do not seek to have T" = (RanxT)K, in general (but see
below for an important special case).

We first observe that the universal property of a limit allows us to define the
action of RangT on morphisms. Let ¢ : C — C’. If A and X are the cones
respectively associated with the limits RangTC and RangTC', we build a new cone
N’ by composition with g, i.e., )\’Jﬁ = Ay, and we define RangTg as the mediating
arrow from A"’ to )\, so that we have

)\’foRanKTg:)\fg forall f:C' — KM (3.1)
In particular, for ' = KM and f = id, we obtain
em o RangTg = Ay (3.2)

Let p: SK — T. We seek a morphism i : S — RangT such that e o 4K = u:
K S K S
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In order to synthesize fic, it is enough to find a cone from SC to the TM’s, indexed
by the morphisms f: C — KM. We take pups 0o Sf as component at f. This indeed
defines a cone, i.e., we have Tho (upro(Sf)) = upp o S((Kh)f) for all h : M — M,
by naturality of u. We then define fic as the mediating arrow associated with this
cone. We have by construction Af o fic = upr o Sf. In particular, for C = KM
and f = id, we have €y o ign = pag, ie., €o i = u. We are left to show that
fi is unique. Let g/ : S — RangT be such that e o/ K = p. It is enough to prove
that pg satisfies the characteristic property of fic, that is, Ay o ue = par o Sf, or
equivalently, using Equation 3.2:

ev o RangTf o g = ppr o Sf

This follows from the naturality of y/ and from the assumption on p/'.

Note that we did not need any property of C, we only had to assume the existence
of some limits in A.

We show now that when K is full and faithful, € is iso, and hence Rang is full
and faithful. For all g : KM — KM’', we have a unique ¢’ : M — M’ such that
g = Kg'. We then build a cone of vertex T'M by taking T'g' as component at g. We
use the faithfulness of K to prove that this is indeed a cone. We now show that the
cone is also limiting. It is easy to check that the property that K is full and faithful
is equivalent to the property that (M, id) is initial in KM | K, for all M. Then the
claim follows from the following general result.

Proposition 3.1.1 If F : D — C is a diagram and if D has an initial object I,
then F'I is a limit of F', together with the cone formed by the family of the morphisms
F(f) where the f’s are the unique morphisms of source I to the objects of D.

PROOF. Left to the reader. O

We next note that by construction the limiting cone of vertex T'M has the
identity as component at id, and since TM is RangT (K M) up to iso (all limits of
a given diagram are isomorphic), we have proved that e is iso. We can even choose
(as we just did) RangT in such a way that RangT o K =T and € = id.

Left Kan extensions are obtained similarly, replacing limits by colimits:
LangTC = colim (T'm) MM = Nidyys

where now 7 the projection functor from the category K | C' whose objects are the
pairs (M, f : KM — C), and where (colim (7'7),\) is the colimit cone.

If K is full and faithful, we also have that 7 is iso, and hence that Lang is full
and faithful.
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3.2 Dinatural transformations

We pause here to define a notion similar to that of natural transformation, which
we shall put to use to give alternative, handier formulas for manipulating Kan ex-
tensions.

There are many families of morphisms indexed by the objects of a category that
do not form a natural transformation becase of a conflit between covariance and
contravariance. For example, in a CCC, we would like to say that eval : B4 x
A — B is “natural” in A. But A appears twice in the type of ewval, once in a
contravariant position and once in a covariant position. We shall develop several
notions, summarized by the following correspondence table:

dinatural transformation natural transformation
wedge cone
end, coend limit, colimit

Let S,T : C°? x C — C’. A dinatural transformation is a family of morphisms
ac indexed by the objects of C such that for all C,C’, f : C — C’ we have:

T(id, f)oacoS(f,id) =T(f,id) o acr o S(id, f)

This commuting diagram is called Mac Lane’s hexagon:
5(C,C)—~1(C,0)

5(£.0) T(C.f)
S(c’,C) T(C,C")

W) T(f,C")

S(Cl, C/) ?C’ T(Cl, C/)

Natural transformations can be seen as a special case of dinatural transforma-
tions: natural transformations between two functors F,G : C°? — C’ are in one-
to-one correspondence with the dinatural transformations between A(x,y).Fz and
AMz,y).Gz.

But there is a serious limitation of this parallel development: dinatural trans-
formations do not compose vertically (try!). However, the composition of a natural
transformation and a dinatural transformation (or in the reverse order) is easily seen
to be a dinatural transformation, i.e., say, given p: F' — G and v : A(z,y).Gz — S,
then v o p (defined pointwise) is a dinatural transformation from A(z,y).Fz to S.
These compositions will be enough for our purposes.

Next, we replace diagrams F' : D — C by functors F' : D? x D — C. The
constant functors AC' are now defined from : D°? xD to C. A wedge from C to F'is a
dinatural transformation from AC to F. An end of F'is a pair (C, A : AC' — F) that
is couniversal from A to F'. Note that the compositions involved in this definition are
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well-defined, since we can write AC as A(z,y).ACz. We use the notation [, F(d,d)
for C.

A coend is defined similarly as a universal wedge from F' to A, whose vertex is
denoted by [? F(d,d).

As an illustration, we prove the following formula:

(), V] = / C'Uc, Ve (3.3)

[

for arbitrary U,V : C — C'. A wedge from X to C'[U_, V] is a family of fonctions
Ao : X — C'[UC, V] such that

C/[U01, Vf] © )‘Cl = C/[va VCQ] o )‘02

for all C1,Cy, f : C1 — C5. This amounts to say that for all z € X the family Ac(z)
indexed by the objects of C defines a natural transformation from F' to G: we have
thus defined a fonction from X dans (C')[U, V]. The limiting wedge is defined by
taking Au.puc as component at C'.

Going back to Kan extensios, by grouping the copies of objects T'M, we obtain
the following equivalent formulations for RangT and LangkT in terms of ends and
of coends:

M
RangTC = / TMCICEM] LangTC = / C[KM,C]-Tm
M

where TMCICEM] (resp. C[K M, C]-TM) denotes the product (resp. the coproduct)
of as many copies of TM as there are morphisms in C[C, KM]| (resp. C[KM,C]).

3.3 Kan extensions are everywhere

We retrieve a number of fundamental notions as instantiations of that of Kan ex-
tension.

3.3.1 Limits

If C is the terminal category, then C' | K reduces to M, and the right (respectively
left) Kan extension boils dow to the limit (respectively colimit) of 7T'.

3.3.2 Adjunctions

If M = A and T = id, it is tempting to see there the notion of adjunction. But
the situation is a bit more complex. In order to make the link precise, we need a
definition.

Definition 3.3.1 Let F': A — A’. We say that F preserves the right Kan extension
(RangT,€) if (FRangT, Fe) is a right Kan extension of FT along K.
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Proposition 3.3.2 The following properties are equivalent, for K : A — C and
R:C— A:

1. R4 K, with € as counit.
2. (R,e€) is a right Kan extension of id along K that is preserved by all functors.

3. (R,e€) is a right Kan extension of id along K that is preserved by K.

PRrROOF. (1) = (2). Let u: SK — id. We look for i/ : S — R such that eop/ K = p.
Writing this equality as a string diagram, and plugging the unit 7, we see that p’ is
necessarily equal to R o Sn and that this definition of 4/ fits. Let now F : A — A/,
and let : HK — F. We see likewise that uR o Hn is the unique transformation
from H to F'R that fits.

(3) = (1). We apply the assumption that (KR, Ke) is a Kan extension, with
id : C — C. This yields a transformation 7 that satisfies one of the two laws of
adjunction. For the second one, we observe that v = eR o Ry satisfies the condition
€ o vK = € and hence v = id by uniqueness.

3.3.3 Yoneda lemma

If M = C and K = id, it is easy to see that (7, id) is both a left and right Kan
extension of T" along id, using the fact that K is a fortiori full and faithful. For what
concerns the right extension, we have thus

TC = [ (T¢")CIEC]
CI

and when A = Set, then (T'C")Cl¢C is the set of all fonctions from C[C, "] to T'C",
Le., we have (T'C")€I¢¢l = Set[C[.,C"], TC"]. Therefore, by 3.3, [, TC'CC:CT is
the set of natural transformations from C[C, _| to T". We have thus retrieved Yoneda
lemma as instance of the right Kan extension construction.

3.3.4 Dense functors

In this section, we consider two further sepcial cases of Kan extensions (Definition
3.3.3 and Proposition 3.3.4).

Definition 3.3.3 If A=C, T =K and (id : C — C,id : K — K) is a left Kan
extension of K along K, we say that K is dense in C.

Indeed, this definition amounts to say that for any object C' of C, the evident cone
from K7 to C' (whose component at f is f) is a colimit (using a “left” version of
Equation 3.1).
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Proposition 3.3.4 Let C = SetM” and K =Y (the Yoneda embedding). Then
LanyT ezists if and only if the curried version of A[T_, ] : A x M° — Set, i.e.,
the functor Ry defined by Ryp(A) = A[T_, Al], has a left adjoint, and is then this left
adjoint.

Having a morphism from LanyTF to A (where F and A are arbitrary objects of
SetM”™ and A, respectively) amounts to having a cone A\ from 7w to A. Such a
cone is indexed by the pairs (M, : Y M — F), or equivalently (by Yoneda lemmal)
by the pairs (M, z) such that x € FM. And in turn, such a family of A\,’s describes
a natural transformation from F' to A[T_, A]. O

As a corollary of Proposition 3.3.4, we retrieve the result that every presheaf is
a colimit of representable functors (Proposition 1.4.3), which amounts to say that
Y is a dense functor. Indeed, this follows from the fact Ry is (isomorphic to)
the identity functor, and from the obvious fact that the left adjoint of the identity
functor is the identity functor. Indeed, we have Ry (F)C = SetM” [y C, F], and
hence Ry (F')C = FC by Yoneda lemma.

We end the section by examining some properties of dense functors.

Proposition 3.3.5 When K is dense, it is equivalent to have the following struc-
tures:

1. aleft Kan extension of T' along K such that n = id;

2. A functor H that preserves the colimits of all diagrams of the form Km (for
all objects C of C) and is such that Ho K =T.

PrOOF. (1) = (2). We have:

LangT(colim K7) = LangT(c) (by definition of density)
= colim T'w (by construction of LangT)
= colim ((LangT o K)m) (since n = id implies a fortiori
LangTo K =T)

More precisely, we must check that the obvious cone of vertex C'is mapped by Lan T
to the colimiting cone (LangT'c,\), i.e., that A\y = LangTf for all f = C — KM,
and this follows from the assumption n = id and from Equation 3.1.

(2) = (1) Applying H to the obvious cone of vertex C, we obtain a colimit of
Tm = HKw, with vertex HC', by our assumptions on K and H. These colimits give
us the left Kan extension(LangT,n), with H = LangT. Moreover, 7 is given by the
component at id, which is Hid = id. ]

The characterisation given in Proposition 3.3.5 holds in particular for the func-
tors K that are dense, full, and faithful. Then the assumption n = id holds for free in
the statement, and Lang establishes a one-to-one correspondence between functors
T from M to A and functors H from C to A that preserve the colimits of the form
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K. Indeed, if LangTy = LangTs, then Th = (LangTh) o K = (LangTs) o K = T,
and for every H we have H = Lang(HK).

When C = SetM” and K = Y, then LangT preserves all exisitng colimits
(since left adjoints preserve colimits). Since Set™” has all (small) colimits, Lan g T
preserves all (small) colimits. Therefore the above one-to-one correspondence, in
this case, can be rephrased as a one-to-one correspondence between functors 7' from
M to A and functors H from C to A that preserve all colimits. In other words (and
with a little extra work), the functor Set-" is left adjoint to the forgetful functor
from CoComp to Cat, with unit Y, where CoComp is the category of cocomplete
categories (i.e. that have alll colimits) and functors that preserve all colimits.

Exercise 3.3.6 Show that every right adjoint preserves all right Kan extensions.
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Algebras, coalgebras, bialgebras

4.1 Free versus initial

Let us recall from Section 1.5 that, given a category C and a functor X : C — C
(viewed as an abstract signature), a ¥-algebra is a pair (A, a), where A is an object
of C (called the carrier of the algebra) and a is a morphism from XA to A, and that
a Y-algebra morphism between two algebras (A,a), (B, a) is a morphism from A to
B that preserves the algebra structure. In symbols, we have a category C* whose
objects are the X-algebras, and whose homsets are defined by the following formula:

C¥[(Aa), (A,d) = {fia—d | foa=d oTf}

We recall that the free algebra functor Ty associated with X is defined as left
adjoint to the forgetful functor U such that U(A,a) = A and Uf = f. We shall
give an equivalent description of Tx,. We set Tx(A4) = (T'A,v : ¥XTA — TA). By
definition of an adjunction, for all A there exists a morphism 74 : A — T'A (the unit)
such that, for all X, for all ¥-algebra (A4, a), and for all morphism f : X — A, there
exists a unique morphism, which we shall denote as [f, a]#, such that the following
diagram commutes:

X Zrx Eerx

\\:lMM# lmum#>

A<"%A

The left triangle is the familiar adjunction triangle (with the unit), while the right
square expresses the fact that the extension [f, a]# is a morphism of »-algebras. If
C has coproducts, we can write the diagram equivalently as follows:

X xrx Py
lw+2ﬂﬁﬂ#) [f,a]#
[f.a]

X+YXA———A

95
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or, setting Xx(Y) = X + XY

EX(X) [77X7VX} TX
lzx([fva]#) l[fva‘]#
[f.a]

Yx(A) ——— A

We have thus expressed the adjunction Ty, 4 U in terms of initial algebras: U
has a left adjoint if and only if all functors X x have an initial X x-algebra.

When these datas exist, we have a monad on C, which we denote simply by 7',
ie., T = UTs. We spell out the definition of the multiplication p of this monad.
Recall that when a monad is induced by an adjunction F' 4 G, its multiplication
is defined by pua = Gepa. So we first spell out the definition of the counity of the
adjunction. We have €(4 o) = [id 4, al?:

A TAL v TA (4.1)

Xil le(Am \LEE(A,(;)

A<"3¥A
Thus, w4 is the unique arrow that makes the following diagram commute:

nrA

TAZTT AL T A

N o e

TA<2NTA

We now revisit the concrete case of a signature. Let XY =Y + (Y x Y) (corre-
sponding to the signature ¥ = {a, f} of Section 1.5). The initial ¥ x-algebra is the
algebra of terms generated by the following syntax:

tu=x|al f(tt)

The function nx “is” the variable case, and vx corresponds to the other cases of the
syntax. The function [f,a]? is defined by induction on the size of t.

We also describe the multiplication of the associated monad in concrete terms.
We can write the terms of TT X with the following syntax:

C:u=tl|a| f(C,C)

The function px removes the stratification (which is formalised here by underlining),
ie.

px@)=t px(c)=c  px(f(C1,C2) = f(ux(C1), px(C2))

But these are “retrospective” verifications: we ‘knew already” that the initial
algebra is a term algebra. The following categorical generalisation of Kleene’s fixed
point theorem allows us to synthesise it.
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Proposition 4.1.1 If C is a category that has all w-colimits, i.e., the colimits of
all diagrams of the form - — - =% - — - =* and if F' : C — C is a functor that
preserves all w-colimits, then F has an initial algebra.

PrROOF. We shall build the initial algebra (A4, a) as a colimit. The carrier of the
initial algebra is the vertex of the colimiting cone (A, A) of the diagram D formed by
taking f1 : 0 — F0 (given by initiality), then fo = F'(f1) : FO — FFO0, etc... F sends
the colimit cone to a colimit of the image under F' of the diagram, which is the same
as D but truncated of its first morphism. Since (A, A) is a fortiori a cone over this
diagram, we can take a to be the mediating arrow from FA to A. By construction,
a satisfies a o F'f, = fy41, for all n. Let b: FB — B be another algebra. We can
build a cone from D to B whose first component ¢g; : 0 — B is given by initiality
and whose other components are defined by induction, as follows: g,+1 = bo Fg,.
We are left to show that a morphism g : A — B is mediating if and only if g is a
morphism of coalgebras, since the uniqueness of the mediating morphism will then
translate into the uniqueness of the algebra morphism. Let g : a — b, i.e., such that
goa=bo Fg. We show that g is mediating, i.e. that g o f, = g, (by induction on
n):
gofnyr=goaoFfy=boFgoFf,=boFg,=gn

Conversely, if ¢g is mediating, the same equalities show
goaoFf,=boFgoFf,

for all n, and this is enough, as the components of a colimit are collectively mono
(cf. Exercise 1.2.13). O

Kleene’s theorem is the special case of Proposition 4.1.1 where C is a partial
order.

It is easily checked that the concrete signature functor X x preserves w-colimits.
We also check easily that ¥ x0 is the set of variables, that ¥ x (Xx0) is the set formed
by the variables, a, and the terms of the form f(z,y). By induction, we see that %0
is the set of all terms of depth n, and that the morphisms f,, are inclusions. Under
these conditions, the colimit is the union of these sets. We have thus synthetised
T (X).

4.2 Freely generated monads

In this section, we relate the notion of Y-algebra (as considered in the previous
section) with that of T-algebra, as considered in Section 2.5, for T = UTy. We
show that there exists a bijective correspondence between Y -algebras and T-algebras
which makes the categories C* and CT isomorphic. The wording “T-algebra” should
be understood as an abuse of language for (T',n, u)-algebra, since one requires the
T-algebras o : TA — A to respect n and u, i.e. one imposes the two equations
aong =1idy and ao uy = aoTa. These equations are the price to pay to go from
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> to T. The case of concrete signatures will help to make this point clear. Given
the above signature, we have the following grammars for ¥(X) and Tx(X):

Y(X) tu=al f(x,z)
Ts(X) tu=xlal f(t,t)

The first equation imposes that «(z) = x, while the second imposes that the inter-
pretation is compositional, i.e., writing a(f)(x,y) = a(f(z,y)):

Vi ty a(f(ti,t2)) = a(f)(a(t), a(tse))

We first check that n : id — T and v : ¥T — T are natural transformations.
This is a consequence of the definition of T itself as a functor, starting from the
definition of adjunction in terms of the unit and of the object part of 7"

T(f: X = X')=[nx o f,vx]*

which as a drawing reads as

X Zrx ZXyrx

o

X/

x' Erx Xsrx

We shalll use the following terminology. We say that T' = UTy; is freely generated
by ¥, and by abstraction of the special case of concrete signatures, we say that X
is the signature functor (even if it arbitrarily chosen!), and that T' is the syntactic
monad (for ¥). An adjunction F' 4 G is called monadic when it coincides (up to
isomorphism) with the adjunction induced by the construction of the category of
T-coalgebras. We have thus shown that the adjunction Ty, 4 U is monadic. We are
now ready to prove the claimed isomorphism.

Proposition 4.2.1 If ¥ is an endofunctor, and T is the corresponding freely gen-
erated monad, then C* and CT are isomorphic. This isomorphism ® is such that

cr—>—~c7
C
commutes (in particular, ® is the identity on morphisms).

ProoF. With a T-algebra o : TA — A we associate a X-algebra as follows:

& =aovy0oXny
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Conversely, we note that the counit €4, of the adjunction is a morphism from
TsU(A,a) = TA to A which fits. We thus set @ = €4,4) = [id 4, a]”, We must
first verify that a is a T-algebra. The equation (@ — 7) is exactly the triangle of the
diagram (4.1). For the second equation, we shall write @ o pyg and @ o Ta as two
morphisms of Y7 4-algebras, with the same domain and codomain, which will imply
their equality by initiality. Here is the diagram for @ o pi4:

TAA A< T A
= lNA \LE},LA
id VA
TA TA STA
_ la lza
TA—2 - pA<—% 54

(the left right square commutes by definition of @). For @ o T'a, we have to change
the intermediate > 4-algebra:

TA—"2 1A <2 $77A
= le \LZT&

TA- T~ wrA
S e

TA—4 > A<—" 54

(the upper brick commutes by naturality of 7 and v). We check now that the two
transformations are inverse. We have:

G=adovo¥n=aoXaoYn=aoX(daon) =a

In the converse direction, by initiality it suffices to verify that « satisfies the speci-
fication of &, i.e.:

AL TAL ST A
Nele s

A< 54

The triangle is the equation (o — 7). We prove the commutation of the square by
successive transformations, starting from & o Ya:
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Applying Equation (o — p), we get:

A

Using the commuting rectangle in the definition de u, we get:



4.2. FREELY GENERATED MONADS 101

A

and we reach a o v4 after an application of Equation (u — 7).

Finally, we need to turn ~ and ” into inverse functors. We show that they in fact
both act as the identity on morphisms. The implication (f : o — = f: & — B)
follows easily from the naturality of v and n. For the implication (f :a — b= f:
@ — b), one shows (cf. above) that bo Tf and f o a are two X 4-algebra morphisms
with the same (initial) domain and codomain. O

We end the section with a variant (called the variant with accumulators) of
the construction of the unique morphism from the initial algebra. The initial 3 x-
algebra is such that for all pairs (f,a) such that f: X — Aanda: X(TX xA) — A
there exists a unique morphism, denoted by [f, a]h, such that the following diagram
comimutes:

vx

YTX

Xl[f,a}h l2<id,[f,a}#>

A LY(TX x A)

It is easy to check that myo < vx o X7y, a ># fits. That the rectangle commutes is
proved using the following proprerty (setting k =< vy o Xy, h >7):

k=< id,myok>

By “surjective pairing”, this property is an immediate consequence of the following
one:
m ok =1d
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By initiality, this latter equality follows from the fact that m; is a morphism from
the codomain of k to the domain of k. As for the uniqueness, we remark that if &’
makes the above diagram commute, then < id, k¥’ > is a ¥ x-algebra morphism with
the same domain and codomain as k, hence

k' =m0 < id, k' >=my 0k =m0 < vx o Xmy, h >7

In the case of a concrete signature, the construction of k' = [f,a]? by induction
looks like this (for f of arity 2):

K'(f(t1,t2) = a((te, K (t1), (t2, k' (2))

This is the primitive recursion schema!

4.3 Coalgebras

We can make the dual constructions, starting from a functor B : C — C, and
defining (DX, ex,vx) (if it exists) as the final Bx-coalgebra, where Bx is defined
by Bx(Y) = X x BY. We use the following notations:

X <px EZBpx

X T<f,b>' TB<f,b>'
b

A— BA

When X = 1, we write simply b*. We say that D is cofreely generated by B,
that B is the behaviour functor and that D is the observational comonad (for this
behaviour).

We now give concrete examples of behaviour functors. We consider first the
functor

BX =14+ Act x X

A coalgebra h : X — BX formalises a very constrained transition system: X is a
set of states. A state, if not terminal, can make a unique transition, labelled by an
action a. To make this apparent, we write (a,2’) € h(x) as  —— 2/ and * € h(z) as
x — x ( “x is terminal”). One verifies quite easily that, for this example, DX (the
comonad generated by finality) is the set of complete transition sequences, which
are of two kinds:

finite xlﬂxgﬂxg---wxna*

. . al az
infinite 1 — 29 — x3---
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The functions € and « are defined as follows:

al az An—1

e(xy — xg —> 23+ — Ty — *) =21
al a an—1

V() — X9 —> X3+ — Ty — %)

:(al,(xgﬂxg---a"—?lxnﬂ*)) (n>1)

V(T — *) =

w5 xp g0 ) = (a, (2 5 a3---))

The unique morphism < f,b >* is defined as follows. We build successive prefixes
7, by induction on n:

7o = f(y)
Tn=fly) == =5 f(y) b)) = (a,y")

T = fy) =5 - =5 fy) = f(")

al

= fy) =5 =) bY) =+

ai

<fb>(y)=fly) = =5 fY) - *

We define < f,b >* (y) as the largest (possibly infinite) .
This final coalgebra construction can be synthetised using the dual of Proposition
4.1.1. If C has all w°P-limits, i.e., the limits of the diagrams of the form

and if /' : C — C preserve these limits, then F' has a final coalgebra, obtained by
taking the limit of the diagram formed by f; : F'1 — 1 (the unique morphism to
1), fo = Ffy etc... Applying this construction to our example, we obtain that an
element of DX is a vector (z1,...,2pn,...) such that z, = f,(zp,41) for all n. In
details, we have z; = * (the unique element of 1), then, say, zo = (1, (a1,%*)). The
constraint zo = fo(z3) forces then z3 to have the form z3 = (21, (a1, (z2,u))), where
w is x or (ag,*). If u = %, then the constraints z, = f,(zn41) force z, = z3 for all
n > 3, otherwise one continues. It is clear that in this way we generate the above
transition sequences.

The situation is not much different if we now take
BX =1+ (Act — X)

that describes a general deterministic automaton (whose terminal states do not
admit any transitions). In this case, DX consists of the trees of the form

L)tl
b
sty
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with finite branching, and whose edges starting from a given node are all labelled
by distinct actions. The branches of ¢ are infinite or end with a transition z — x.
The morphism e extracts the root of the tree, and the morphism v extracts the
immediate sub-trees of ¢.

The situation is more complex in presence of non-determinism. We set now
BX =P(1+ Act x X)

where P(Y) is the set of finite non empty subsets of Y.

A B-coalgebra is now a non deterministic transition system. The natural idea
is to take the same definition as above for DX, forgetting the constraint of distinct
actions. But this coalgebra, call it D'X (with the corresponding morphisms €’ and
~"), is only weakly final. The above method allows us to build a morphism % that
fits relatively to D'X:

x<pxEBpx
X Tk TBI“

A—"-BA

But the morphism k; is not unique. The commutation of the diagram says exactly
that k1 (y) is a tree whose root is labelled by f(y), and which is such that (neglecting
* for simplicity) b(y) is equal to the set of pairs (a,t) such that ki(y) —— t (i.e., t is
a sub-tree whose root is related to the root of ki(y) by an edge labelled by a). But
the right tree below satisfies also this specification:

a
a — 1
— 1 a
a — 1
— t9 a to
k1(y) = f(y) f)
b :
—1n b "
> lp

These two trees have the same immediate sub-trees, and therefore +' does not dis-
tinguish between them. We are led to define a suitable quotient of D'X. Morally,
one wishes to quotient by the equivalence relation generated by the contraction of
two identical sub-trees with the same father. But it is more complicated than just
that, due to the potential infinity of the trees. For example, we should equate

a a a
a a a a a a
— = .- — ... and - a {—>—>H
—_ . a {'
—_— - .

Note that in the second tree, there is no pair of equal subtrees with the same father.
The solution is provided by the notion of bisimuation, invented by Aczel precisely
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for the construction of final coalgebras (in the framework of non well-founded set
theory).

This complication of the construction with respect to the non-deterministic case
is related to the non w-continuity of the functor P(_).

Proposition 4.3.1 The functor P(_) on Set is not w°-continuous.

PRrROOF. We recall that the limit of an w°P-chain

X0<fiX1 anlian

is the set L of the sequences (z,) such that f,(x,) = z,—1 for all n. Take Xy =1,
f1 = 1 (the unique morphism to 1), X, 11 = P(X,) and fny1 = P(f.). We note
that there exists a sequence (x,) in L such that the sequence card(x,) is strictly
increasing. This comes from the fact that the sequence of the cardinals of the X,,’s

is increasing and from the fact that the functions f,, are surjective. We have thus
fn(anl) = 75(fnfl)()(nfl) = Xn72

and the sequence defined by x, = X,,_; fits. If P(_) were continuous, P(L) would
also be a limit of this chain. There would thus exist a cone morphism k& : L —
P(L), and in particular the image by k of the sequence (x,) would be a finite set
{(yHn, .-+, (YP)n} of sequences, of cardinal p. But the fact that k is a cone morphism
imposes that, for all k, z;, is the set {y,}:, ...»Yy}, which has a fixed cardinal. O

This negative result explains why we cannot apply the general final coalgebra
construction of (the dual of) Proposition 4.1.1.

We define now the notion of bisimulation, which will allow us to complete the
construction of the observational comonad D. Let (A1, f1,b1), (A2, f2,b2) be two
Bx-coalgebras. A bisimulation between b; and by is a relation R C A; x Ay such
that if z1Rxs, then:

o fi(z1) = fa(z2),

e if 1 — %, then z9 — *,

o if 1y 41, then there exists yo such that xo N yo and xoRys,
e if 19 — %, then 1 — x,

o if 19 Y2, then there exists y; such that x; BN y1 and 1Ry .

On can define the notion of bisimulation for any functor B , as follows. A bisimu-
lation between by : Ay — BA;, by : Ay — BAs is given by a coalgebra r : R — BR
and two coalgebra morphisms 7y : r — by and 7y : r — by. Such a figure forms a
span (in the category of coalgebras).

Let us check that, for our functor B (and more generally for By ), this definition
instantiates to the concrete one above. In one direction, we have to endow R with
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a coalgebra structure r : R — R. To this aim, we set x € r(x1,z2) if and only if
x1 — * (and hence x9 — %), and (x1,x2) SN (y1,y2) if a1 5 y1 and 29 — 1.
We take my(z1,x2) = x1 and ma(z1,22) = x9. We check that, say, m is a coalgebra
morphism. Let z1Rx2. The commutation b; o m; = By o r amounts to say that
r1 — g if and only if there exists y, such that (x1,22) — (y1,¥2), hence there
exists yo such that xo LN y2. Y1 Ry2 and 11 LN Ya-

In the other direction, if r : R — BR, 7 and my are given (note that R is not
necessarily a relation!), we can define a relation R by x;Rx9 if and only if there
exists z € R such that 1 = 71(2) and z2 = ma(z). This relation is a bisimulation:
for example, if m(2) — u, then, by the commutation b; o m; = By o 7, we know
that u is of the form 7 (v), with z — v, from which we deduce (using the fact that
Ty is a coalgebra morphism) that mo(z) —— mo(v), and we have u = 7 (v)Rma(v),
as desired, by definition of R.

We now consider a single coalgebra b : A — BA. We write 1 &~ x» if there exists
a bisimulation ((R,7),71,m2) between b and b, and z € R such that x; = m1(2) and
x9 = ma(z). In our concrete case, this amounts to say that there exists a (concrete)
bisimulation R such that x1Rzs. The relation =, which we call the bisimilarity
relation, is reflexive and symmetric (immediate). It is also transitive. In the case
of the above B, it follows from the easily verified property that the composition (in
the sense of relations) of two bisimulations is a bisimulation (see Exercise 4.3.5 for
a more general proof).

We shall need the following property. Let b: A — BA and b’ : A — BA’ be two
coalgebras and let f : b — V. Then we have z ~ y if and only if f(z) ~ f(y). The
proof in the concrete case (i.e., for, say, the functor BX = P(1+Actx X)) is left as an
exercise. Instead, we give a general proof that illustrates the categorical definition
of the notion of bisimulation. If x ~ y, by definition there exists ((R,7),71,m2),
z € R such that © = m;(z) and y = ma(z). Il suffices then to prolungate this span
by f, on both sides: ((R,r), f o m, f om) is a bisimulation (note that f o is a
coalgebra morphism). Note that we have made use of the comfort of being able to
use arbitrary spans, rather than just those arising from relations.

The other direction is more complicated. We start from f(x) ~ f(y), and hence
from ((R,r),m1,m2), z € R such that f(z) = m1(z) and f(y) = m2(z). We then form
the pullbacks of f and 7 (thus, the category C is required to have pullbacks), and
of fand me. If g : Ry — R (resp. h : Ry — R) is the morphism from (the vertex
of) the first (resp. second) pullback to R, we form again the pullback R3 of g and
h. Then Rs provides the carrier of the bisimulation that we need to witness that
x ~ y. Indeed, f(z) = m(z) guarantees the existence of z; € R; that gets mapped
to z1 and to z (by g), and likewise there exists zo € Ry that is mapped to z (by
h) and to x2. Finally, since gz; = hzo, there exists z3 in the upper pullback that is
mapped to z; and to zo, and hence to x1 and xzs.

But we are still lacking coalgebra structures on Ry, Ro, R3, and the verification
that all the morphisms that we have constructed are coalgebra morphisms. It is
indeed the case, thanks to the following proposition.
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Proposition 4.3.2 If B : C — C sends all pulbacks to weak pullbacks, then for
every span f : by — b and g : by — b of coalgebras, the pullback h : A3 — Ay, k :
Az — Az of f,g (in the category C) can be completed to a commutative diagram in
the category of coalgebras, i.e. there exists a coalgebra structure bs : A3 — BAs such
that h and k are coalgebra morphisms. A weak pullback is defined as a pullback,
omitting the uniqueness condition of the mediating morphism.

PrROOF. We show how to construct bs. Since the figure Bf, Bg, Bh, Bk is a weak

pullback, it suffices to find two morphisms A’, k¥’ from A3z to BA; and BAs, respec-

tively, such that Bf o h’ = Bgo k’. It is easy to see that h' = by o h and by o k

fit. Finally, the commutations Bh o b3 = h' and Bk o b3 = k’ say that h and k are

coalgebra morphisms. O
We can now state what we have proved above.

Proposition 4.3.3 Let B : Set — Set. If B satisfies the assumption of Proposition
4.3.2, and if f: (A,b) — (A1) is a coalgebra morphism, then for all z,y:

xry ifand only if  f(x) = f(y).

PROOF. Tt is easy to check that the functor P(_) (and hence our example B) satisfies
the required preservation condition (and does not preserve pullbacks in the strong
sense). O

We can finally come back to the construction of the cofree coalgebra DX. We
take DX = D'X/ ~. We first see that ¢ and 7' still make sense with the quotient,
and that the surjection D’X — DX defines a morphism of Bx-coalgebras. Indeed,
if t ~ t/, then €(t) = ('), and we set [t] - [t/] if t % ¢/ (this does not depend
on the choice of the representative of the equivalence class of t). As a consequence,
we have, for any elements [t;], [t2] of DX:

[tl] ~ [tQ] if and Ol’lly if [tl] = [tg] . (42)

Indeed, by Proposition 4.3.3, we have [t1] & [to] if and only if t; ~ ¢o.

We set now k(y) = [k1(y)]. Suppose that ko : A — DX is another morphism of
Bx coalgebras. Then k and ko form a bisimulation over DX, in the abstract sense.
Hence the relation R defined by [t] R [to] if and only if there exists y € A such that
[t] = k(y) and [to] = ka(y) is a bisimulation, in the concrete sense. Hence, by (4.2),
we have k(y) = [t] = [t2] = k2(y). We have thus the uniqueness of k, i.e., we have
transformed our weakly final coalgebra D’X into a final coalgebra DX.

The intimate relation between the free coalgebra construction and bisimilarity
is stressed by the following result:

Proposition 4.3.4 For any Bx-coalgebra, we have
xry if and only if k(x) = k(y)

where k is the unique coalgebra morphism to the final coalgebra DX .
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PROOF. By Proposition 4.3.3 and by (4.2). O

We remark finally that by the result that we have proved above, we have, for all
y1,y2 € A:

Y1~ Y2 & k1(y1) = k1(y2) < k(y1) = k(y2)

This justifies the terminology of observational comonad: the morphism to the final
coalgebra identifies exactly the bisimilar points, i.e. the observationally equivalent
points.

Exercise 4.3.5 Show that if B : Set — Set satisfies the assumption of Proposition
4.8.2, then bisimilarity (with respect to B) is a transitive relation.

4.4 Distributive laws

In this section, we are interested in the following question. Given a category C and
two endofunctors F' : C — C an G : C — C, we would like to be able to define a
functor F' : C¢ — C¢ such that UF’' = FU, where C¢ is the category of G-algebras
U : C% — C is the forgetful functor def (cf. Section 4.1). Such a functor is called a
functorial lifting of F'. In detail, it means that we want, for any algebraa : GA — A
of carrier A, an algebra S’a : G(FA) — FA (so that UF' = FU holds on objects),
and such that the following implication holds, for all f : (A,a) — (B,b):

A G A G A F G A F
B A B A
B = B = B F =
(4.3)

Note that F'f = f is forced by UF’ = FU on morphisms. The above implication
just says that F’ is “correctly typed”, i.e. that F'f : F'(A,a) — F'(B,b), or
F'f:F'a— F'b for short.

Thus, for lifting F' to F’, we want to find a morphism from GFA to F A, given
a morphism a : GA — A. Since Fa goes from FGA to FA, it seems that we would
be done if we had a natural transformation A : GF — FG. And indeed, it works, as
we show now. We proceed by steps, in a “boot-strapping” manner.
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Step 1. Given a: GA — A, we define F'a = Fao \y4, i.e., as
A F G

A Ja (4.4)

We show that this defines indeed a lifting F' : C& — C& of F to the category of

G-algebras. We have to prove the implication (4.3). Replacing F’b by its definition
in F'bo GF f we get (pushing up A, that is, using the naturality of A:

A F G

and we are done, using the assumption of the implication. What we have so far is
the following.

Proposition 4.4.1 If G, F' are endofunctors on a category C, a natural transforma-
tion A : GF — FG induces a functorial lifting F' of F to the category of G-algebras,
and a functorial lifting of G to the category of F'-coalgebras.

PROOF. The second part of the statement is dual (in Cat’) to the first part. O
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Step 2. But can we conversely define a natural transformation A : GF — FG,
given a functorial lifting F’ of F to C“? The answer is: yes, when G is the functor
part of a monad (7,7, 1), because then we can define A4 as follows:

We check that )\ is natural.

A F T
B
T
Fug
B T F - B T F

Pushing the right  up, we conclude using the implication (4.3). whose assumption
is here the naturality of p.

Step 3. We would like these transformations to be inverse. Starting from A, we
obtain the following natural transformation (by replacing F’u4 by its definition in
the diagram (4.5):
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and we retrieve the original A after pushing A up and applying (n — ). Conversely,
starting from a lifting F”, and replacing A by its definition in the diagram (4.4), we
obtain

which we must equate to F’a. We are stuck, unless we replace C& above by C”, the
category of T-algebras, in the sense of the algebras relative to a monad, not only a
functor. Then, replacing everywhere a,b by «, 3, we can make use of the equation
(ov — p), which we can read as a : pa — «, as assumption of the implication (4.3),
and we obtain (after having pushed up 7):
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and we conclude using (a — 7).

Step 4. The decision to move from the category of algebras over the underlying
functor of the monad T to the category of T-algebras, whose objects respect the
structure of T-algebra (which anyway was the natural thing to do) forces us to
revisit step 1, since, given A : TF — FT, we must show that our lifting of step 1
sends a T-algebra to a T-algebra.

e Equation (a — n). We have to prove:

A F

A F -

and we are stuck again, but for the last time! We shall impose two equations,
(A —mn) and (A — p), concerning the interaction of A with 7 and p, which the
reader will find in Definition 4.4.2. Thanks to (A — ), we can transform the
left hand side into
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o |r

A

and we conclude by (o —n) applied to a.

Conversely, if F'« is a satisfies (o — n) for all T-algebras «, then it holds in
particular for p 4, which is a T-algebra over T A:

and, then plugging 7 on the top on both sides, and applying (n — p) on the
left (pushing A up), we get equation (A — 7).

e Equation (o — p). We have to prove:
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A F = A F

This follows by applying (A — u) followed by (a — w). Conversely, we can
synthesize the equation (A — p) by specialising this equations as above with
a = p4 and and by plugging an n above on both sides.

We collect the fruits of this construction in the following definition and proposi-
tion

Definition 4.4.2 Let C be a category. A monad-functor distributive law on C is a
natural transformation A : TF — FT, where F is an endofunctor on C and (T, n, i)
is a monad on C, that satisfies the following two equations:

EQUATION (X —n):
F

EQUATION (A — p):
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F T T F T T
F
T
T T
T F = T F
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Proposition 4.4.3 There is a one-to-one correspondence between monad-functor
distributive laws A : TF — F'T on a category C and functorial liftings to the category
of algebras over a monad (where T is the monad and F is the lifted endofunctor).

We can further enrich and narrow the structure, when F' is a monad S or when
F is a comonad D. For example, if F = D is a comonad, it is natural to require the
forgetful functor U : CT — C to be a comonad morphism, in the following sense
(cf. the second notion of morphism of adjunctions introduced in Section 2.2.1).

Definition 4.4.4 Let H : C; — Cy be a functor, and let D1 and Do be two comon-
ads on C1 and C,, respectively, such that DoH = HD1. We say that H is monad

morphism if it commutes with the counity and the multiplication, as follows:

Doy Doy

and

Definition 4.4.5 Let C be a category.

D,

Dy

1. A monad-comonad distributive law on C is a natural transformation A : TD —
DT, where (D,¢€,0) is a comonad on C and (T,n, 1) is a monad on C, which
is monad-functor distributive law (for the functor underlying D) that satisfies

moreover the following two equations:

EQUATION (A —¢):

D,
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D T D
T
D
T p—
EQUATION (A — 6):
D T D T
D

T D D = T D D

2. A monad-monad distributive law on C is a natural transformation A : TS —
ST, where (S,n,u) is a monad on C and (T,n,u) is a monad on C, that
satisfies moeover two equations (n — X) and (u — X), similar to the equations
(A=mn) and (A — p), except now that in the left hand side, the n and the p are
now plugged on the left, on top of S.

Proposition 4.4.6 1. There is a bijective correspondence between monad-comonad
distributive laws A : TD — DT on a category C and comonad liftings to the
category of algebras over a monad (where D is the lifted comonad), where by
comonad lifting we mean a functorial lifting for which U : CT — C becomes a
comonad morphism.

2. Likewise there is a bijective correspondence between monad-monad distributive
laws A : TS — ST on a category C and monad liftings to the category of
algebras over a monad (where S is the lifted monad).
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PROOF. We prove only (1), the proof of (2) being similar. Suppose that (A — ¢)
holds. We have to prove that €4 : D'a — « for any T-algebra «, i.e.:

A D T A D T

A = A
But (A — €) does precisely this for us. Moreover, like in the proof of Proposition
4.4.3 (step 4), we can conversely synthesise (A — €) by specialising this equality to
= A.

The commutation of § with U is handled likewise. The following simple type-
matching should convince the reader that the proposition indeed works both for
F =D and F = S. We have on one side F'(«) and on the other side F'(F'(«)), as

follows:

A F T A F F T

A F A F F

Then observe that in order to match the interfaces (one top F' versus two top F,
one bottom F versus two bottom F'), we have the choice of:

1. having on both sides one top F' and two bottom F’, with the help of a comul-
tiplication §: this is the monad-comonad case, with F' = D.
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2. having on both sides two top F’s and one bottom F, with the help of a
multiplication p: this is the monad-monad case, with F' = S. g

By dualisation, we obtain the following two new notions (only two, because the
notion of monad-comonad distributive law is self-dual): corresponding to the self-
dual notion

e functor-comonad distributive laws, which are natural transformations A : GD —
satisfying (A — €) and (A — ¢), that are in bijective correspondence with the
functorial liftings of G to the category CP of D-coalgebras

e comonad-comonad distributive laws A : ED — DFE which satisfy moreover
two equations (¢ — A) and (§ — ), that are in bijective correspondence with
the comonad liftings of E.

For the monad-comonad case, we get another bijective correspondence:

e Monad-comonad distributive laws A : TD — DT are in bijective correspon-
dence with the monad liftings of T" to the category CP of D-coalgebras.

The only combination that does not work is comonad-monad, because we need G to
be a monad or F' to be a comonad to get a bijective correspondence with a notion
of lifting.

We make two final observations. In the proof of Proposition 4.4.6, when proving
that (D — D’) is a comonad lifting, we did not make use of the monad structure of
T. We thus have the following enrichment of Proposition 4.4.1.

Proposition 4.4.7 1. A functor-comonad distributive law A : GD — DG in-
duces induces a comonad lifting D' of D to the category of G-algebras.

2. A monad-functor distributive law X\ : TF — FT induces a monad lifting T' of
T to the category of F-coalgebras.

PROOF. The second part of the statement follows from the first by duality. O

Our second observation is that if G, B are two endofunctors on C, in such a way
that there is a functorial lifting of G to G’ : CP — CB, where CP? is the category of
B- coalgebras (the letter B, for “behaviour”, witnesses that we are taking coalgebras
and not algebras), then, by Proposition 4.2.1, we have also a functorial lifting of G to
the the category of D-coalgebras, where D is the freely generated comonad associated
with B. If moreover G =T is a monad, and if the initial lifting is in fact a monad
lifting (i.e. G’ =T’ is a monad, and the forgetful functor commutes with the unities
and multiplications), then the lifting of T" to the category of D-coalgebras is also a
monad lifting. This is clear, since the monad lifting property says that the unit and
multiplication are B-algebra morphisms, and hence D-algebra morphisms since the
isomorphism between C” and CP is the identity on objects. We summarize (the
second part of) this second observation in the following statement.
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Proposition 4.4.8 Let C be a category. If T is a monad on C, and if B is an
endofunctor of C with associated cofreely generated comonad D, then the following
are equivalent:

1. there exists a monad lifting of T to CB,

2. there exists a monad lifting of T to CP.

Bialgebras. We now concentrate on the monad-comonad case. We suppose thus
that we have one of the following equivalent structures relating a monad 7" and a
comonad D on a category C:

1. a monad-comonad distributive law A : T'D — DT,
2. a monad lifting 7" of T to CP (D-coalgebras),
3. a comonad lifting D’ to CT (the T-algebras).

It is quite natural to consider then objects A carrying both a structure of T-
algebra and a structure of D-coalgebra. This leads us to the following definition.

Definition 4.4.9 A bialgebra is a triple (A, «, 3) where (A, a) is a T-algebra and
(A, B) is a D-coalgebra that satisfies one of the following three equivalent conditions:

1. the following equation is satisfied:

A T A T

A D = A D (4.6)
2. a:T'3 — 3 is an algebra morphism,
3. B:a— D'ais a coalgebra morphism.

A morphism of bialgebras is a morphim that is both an algebra and coalgebra
morphism. We write C* for the category of bialgebras and bialgebra morphisms.
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Proposition 4.4.10 The forgetful functor II' : C* — CP that maps (A, a, ) to
(A, 3) and acts as identity on morphisms has a left adjoint F*, defined on objects
by FA(A7ﬁ) = (TAaHA, >\A o Tﬂ)

PRrOOF. Let us fix (Alaﬁl) and (Ag,ag,ﬁg). Let f : (Alaﬁl) — (Ag,ﬁg) and g :
(T'Ay, pa,, Aa, oTf1) Adapting what we have done in Section 2.5.1, we define ((g) =
gona, and {(f) = ag o T'f. We already know from there that the transformations
are inverse. We just need to wheck that ((g) and &£(f) are coalgebra morphisms.
For £(f), starting from the string diagram for 5 o £(f),

Ay T
Ay
Ay
As D

we apply Equation (4.6), and then the equation expressing the assumption that
f: (A1, B1) — (A2, B2) is a coalgebra morphism, and we obtain D(£(f))o (A4, oT51)
as desired. For ((g), starting from the string diagram for (33 o ((g),

Aq

Az
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we apply the equation expressing the assumption that g : (T'A1,A — Ay o T3) is
a coalgebra morphism, and then Equation (A — 7), and we obtain D(({(g)) o f1 as
desired. O

Proposition 4.4.11 The forgetful functor II : C* — CT that maps (A,«a, ) to
(A, «) and acts as identity on morphisms has a right adjoint Gy, defined on objects
by G)\(A,Oé) = (DA, Dao )\A,(SA)-

PRrROOF. This statement is dual to the statement of Proposition 4.4.10. O

Corollary 4.4.12 Assuming that C has a terminal object, the category C* has a
terminal object, namely G)‘(l,alpha), where a is the unique morphism from T1 to
1.

PROOF. It is immediate to check that (1, «) is a terminal T-algebra. The conclusion
follows from the fact that right adjoints preserve limits. O

Likewise, if C has an initial object, then C* has an initial object.

4.5 Bialgebras and operational semantics

‘We consider the behaviour functor:
BX = (P;X )4

where P; denotes the finite powerset functor. It is a simplified variant of the be-
haviour BX = P(1 + Act x X) of Section 4.3 (note that (P;X )4 ~ Py(Act x X)).
We consider the following mini-langage (a fragment of CCS):

t =z |nil|a.t| (t|t)
whose operational semantics is specified by the following rules:

a / a /
T — X Lo — Ty

a a / a /
a.r — T x1|re — o |72 x1|re — x|k

These rules allow us to construct proof trees of judgements of the form P - Q,
i.e., they define a B-coalgebra of carrier T0 (where 0 is the initial object of Set, i.e.,
the empty set). More generally, if we are given a B—coalgebra 5 : A — BA, and if
we add the following rules to the ones above:

v € B(a)(u)

we can define a coalgebra 3 : TA — BTA by setting Q € (3(a)(P) if and only if
P —% @Q is provable by the rules of our fragment of CCS plus the rules imported
from (. In particular, choosing A = 0, § is necessarily the morphism given by
initiality and there is nothing to import.
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Theorem 4.5.1 The bisimilarity on the coalgebra 3 : TA — BT A is a congruence.

In particular, taking A = 0, we have that bisimilarity for this fragment of CCS is
a congruence, i.e., ift &~ ¢/, then a.t &~ a.t’ and if t; ~ t] et ty =~ t},, then t1]ta ~ t]|t}.

Its proof of this important result will take profit of the material accumulated so
far: the characterization of bisimulation given in Section 4.3, the enrichment of a
coalgebra structure into a bialgebra structure provided by Proposition 4.4.10, and
the final bialgebra construction provided by Corollary 4.4.12. We thus embark into
showing how the transformation that maps 3 to 3 can be synthetised.

The CCS rules induce a transformation

p:X(id x B) — BT
where 3 is the signature functor associated with the syntax, i.e.
YX=14+4X+... X+ X xX

where there are as many copies of X as there are actions in Act. The transformation
PA = [pnils- -y Pay---5 P B(A X BA) — BT A is defined as follows:

pair(a) =0 (for all a) pa.(y,5)(b) = { éy} EZ ; Z;

p|((y1, 1), (y252))(a) = {y1ly2 | 1 € Bi(a)} U{uilyy | 5 € B2(a)}

This way of defining p is systematic. We suppose that for each operator f of arity
n of a signature X we are given a finite set of rules of the form

al al az a2 al
r — Xt 1 — X7 oo, — X
C
flxy,...,xpn) — t

al . . . al
where, for exemple, 1 — X" is an abbreviation for {1 — 2 | 2} € X{"}, and
where:

1. the X{’s are pairwise disjoint finite sets of variables, disjoint from {1, ...zy};
2. the variables appearing in ¢ appear in the union of the X?’s and of {x1,...xy}.

For all A, we define py : (A x BA)"™ — BT A (and hence, globally, pa = [py,...]) as
follows: p¢((y1,51):- -5 (YnsBn))(c) is the set of the terms p(t) such that

e p is a substitution defined on the set of variables appearing in the rules that
define the operational semantics of f, and such that p(z1) = y1,...,p(z,) =

Yn;

e there exists a rule for f such that p(X7') C Bi(a1), p(X7?) C Bi(ag),. ..,
p(X4) C Bular),. ...
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The fundamental property of py (and hence of pai1, ..., pa.,--.,p), and hence of p)
is the following:

py is a natural transformation.
Let h: A — C. We have to verifiy the following equality: BThops = psX(f x Bf):

o (BThops)((y1,51),---,(Un:Bn))(a) is the set of the (o 0p)(t)’s, where o is the
substitution that maps each element y € A to h(y) € C;

b Z(f X Bf)((ylvﬂl)v"'7(yn7ﬂn)) = (h(yl),ﬂi),,h(yn),ﬂé), where ﬂ;(a) =

We have to compare the set of the (o o p)(t)’s with the set of the p/(t),’s where

pl(xr) = h(y),. .., p'(xn) = hyn), p/(X7") S A(Bi(a1)), p(X7?) C h(Bir(a2)),. -,
p(X2) C h(Bn(a1)),. ... Clearly, every op is a p/ that fits. Conversely, we have to
show that every p’ that fits can be factorised as p = oop’. We construct p as follows:

e for each x;, we set p(z;) = y; (impose);

e for each X, since p/(X¢) C h(f;(a)), for each 2’ € X{) we can choose an
element y of 3;(a) such that h(y) = p'(z), and set p(z') = y. These choices do
not interfer with those made on z1,...,x, and on the other X{’s, by condition

(D).

e The function p’ does not need to be defined elsewhere, by condition (2) (note
that if we had allowed t to contain another variable z, we could then choose
p'(2) outside the image of h, and hence p’ would not factorise through A).

We show now how p allows us to define the transformation that associates 8 to f3.

e We first define
o' =Buop:3(T x BT) — BT

This transformation formalises the instantiation of a rule. For example, the
instantiation of the first | rule with #;,#],#, yields the term #}[t2 = pu(#[t2),
where the underlining recalls that pr4 goes to BTT A.

e Then we obtain 3 by (the variant with accumulators of) initiality:

VA

A2 TA ST A

Bm% lﬁ . lz<zdﬁ>
A

BTA~<~—"2%(TA x BTA)

This diagram formalises the inductive construction of a proof tree by repeated
application of the (instantiated) rules.

From now on, we can ignore syntactic details, Our only assumptions are that we
have the following structures available:
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e a category C with products,
e an endofunctor X on C that freely generates a monad T,
e an endofunctor B on C,

e and a natural transformation p : ¥(id x B) — BT.

As we have just seen, these data allow us to define an operation 3 — (3 mapping
a coalgebra (A, [3) to a coalgebra having T'A as carrier. We shall show that this
constitutes a monad lifting of 7' to C? (cf. Section 4.4). For convenience, we recall
the properties that we have to prove:

1. for every f : 31 — B2, we have T'f : 1 — [a;

2. for every coalgebra 3: A — BA, n4 and p4 are coalgebra morphisms, i.e.
na:B—0  pa:B—p

We establish (1) by showing that under the assumption Bf o f; = 20 f, BT f o Bi
and (9 o T'f satisfy the same universal property:

N4, VA,

\ l- l2<z‘d,_>
BnayoB2of Pla, 05 (T fx id)

BTAQ <~ E(TAl X BTAQ)

e For BT f o 31, the commutation of the triangle follows from the commutation
of the triangle relative to 31, from the hypothesis on f and from the naturality
of 1, and the commutation of the rectangle follows from the commutation of
the rectangle relative to 41 and (modulo the reorganisation X(T'f x BTf) =
YX(Tf x id) o X(id x BT f)) from the naturality of p’ (that follows itself from
the naturality of p).

e For 35 o T'f, the commutation of the triangle follows from the naturality of n
and from the commutation of the triangle relative to 35, and the commutation
of the rectangle follows from the naturality of v and from the commutation of
the rectangle relative to 32, modulo the reorganisation

Y(< id,Bg > oXTf = N(Tf x id) o X(id x B) 0 X(< id, Tf >)
We show now the property (2). For n, this is precisely the property of commutation

of the triangle relative to 3. For p, we proceed as for (1), taking now the following
universal problem:

nTrA VT A

TA—=TTA XTTA

\ l |s<ia>
s plaoB (i

d
BTA L2 A1 < BT A)
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e (o p: by definition of x and modulo a rearrangement of X(< id, 3 >) o Xp.
e Buo E By definition of E, we have to prove:
Bpaoppa=p4oX(ua xid) o X(id x Bua)

which follows from the definition of p/, from the naturality of p, and from the
associativity of u:

Buaoppy = (Bpao Bura)opra

Buao (BTuao pra)
BpaopaoX(ua x Bua)

= p/yoX(ua xid) oX(id X Bpua)

This completes the proof of the fact that there is a monad lifting of T" to the category
of B-coalgebras. Hence, by Proposition 4.4.8, there exists also a monad lifting of T" to
the category of D-coalgebras, and this in turn is equivalent to having a distributive
law AT’ D — DT'. Summarizing, we have proved the following statement:

Proposition 4.5.2 Let C be a category with products, let ¥ : C — C with asso-
ciated freely generated monad T, let B : C — C with associated cofreely generated
comonad D, and let p be a natural transformation from X(id x B) to BT. Then
these data induce a monad-comonad distributive law A : T D — DT.

The precise definition of A\ can be inferred from the successive transformations
that we have described, but we shall not need to spell it out.
We are now ready to prove our main theorem.

ProorF OF THEOREM 4.5.1. We have to show that =~ is a congurence. By
Proposition 4.5.2, we have a monad-comonad distributive law. By Corollary 4.4.12,
we have a final bialgebra of carrier D1 (with the coalgebra structure given by ;). By
Proposition 4.4.10, we can enrich 3 (more precisely the associated D-coalgebra) into
a bialgebra structure on T'A (with the algebra structure given by p4). Therefore,
we have a diagram

TD1 D1 DD1
TT}C Tlc TDk
pA
TTA TA DT A

where the right square, expressed as B-coalgebra morphism, says that k is the unique
coalgebra morphism from 3 to vy. Therefore, by Proposition 4.3.4, if s; & t1, then
k(s1) = k(t1). Let f be an operator of the signature ¥ (of arity 2), and let s; ~ ¢; and
S9 & tg. Consider f(s1,s2) € TTA (the underlining of f serves to stress that we have
here a term of TTA over s, s, considered as variables in TA). Since k(s1) = k(t;)
and k(s2) = k(t2), we have (by definition of Tk)

(TR)(f(s1,82)) = [(k(s1), k(s2)) = (Tk)(f(t1,12))
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f = f(s,t) for all s,t € TA, by commutation of
the left square, we get k(f(s1,s2)) = k(f(t1,t2)), i.e., f(s1,s2) = f(t1,t2), which
concludes the proof. O

Since on the other hand pa(f(s,t))



Chapter 5

Lambda-calculus and categories

In this chapter, we provide an introduction to the syntax of the A-calculus (Section
5.1), and we relate it to cartesian closed categories, viewed as a syntax (Section
5.3). An intermediate syntax, which has an interest on its own, is presented in
Section 5.2. Finally, the connection between A-calculus and cartesian closed cate-
gories is exploited in Sections 5.4 and 5.5 to describe and study the properties of
an implementation technique for the A-calculus. The underlying device, called the
Categorical Abstract Machine (CAM), has been used to implement the first version
of the programming language CAML (whose name was formed as a merge of “CAM”
and “ML”). The last section presents an interesting blend of theory and practice,
since at the same time a purely categorical theorem concerning free cartesian closed
categories is proved.

5.1 Untyped A-calculus

In this section, we present the A-calculus and its basic computation rule — the (-
reduction.

Definition 5.1.1 (A-calculus ) The syntax of the untyped \-calculus (A-calculus
for short) is given by:
M :=x | MM | z.M,

where x is called a variable, MMy is called an application, and Ax.M is called an
abstraction. The set of all A-terms is denoted by A.

The following are frequently used abbreviations and terms:

Axy g M = Axqp.( Az M- )
MNj --- N, (- (MNy)---Ny)

I=MXv.x K= )\ry.x
A= rxxr S=ryz.(xz)(yz) .

127
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Definition 5.1.2 (head normal form) A term Axy---x,.2M; --- M,, where x may
or may not be equal to one of the x;’s, is called a head normal form (hnf for short).

Remark 5.1.3 Any A\-term has exactly one of the following two forms: either it is
a hnf, or it is of the form Axy - - xp.(Ax.M)My--- M, (n >0, p>1).

Occurrences and contexts, which we introduce next, provide a notation allowing
us to manipulate subterms.

Definition 5.1.4 (occurrence) Let M be a term, and u be a word over the al-
phabet {0,1,2}. The subterm of M at occurrence u, written M/u, is defined as
follows:

M/u=N
M/e=M Az.M/O0u =N
Ml/u:N Mg/u:N

MlMg/lu:N M1M2/2’U,ZN

where € is the empty word. The term M /u may well not be defined. If it is defined,
we say that u is an occurrence of M. The result of replacing the subterm M /u by
another term N is denoted M[u < N].

Example 5.1.5 (\z.zy)/02 =y (Az.zy)[02 « z] = A\z.zx .

Definition 5.1.6 (context) The contexts (with a unique hole) are defined by the
following syntax (where i € w):

Cu=[ilz|CM|MC | x.C .
where M is a A-term

In Figure 5.1, we define the operation of filling the hole of a context by a term M. Of
course, this just means replacing the hole by M, in the most naive way! Occurrences
and contexts are related as follows.

Proposition 5.1.7 (occurrences/contexts) For every term M and every occur-
rence u of M, there exists a unique context C' such that M = C[M/u].

Free occurrences of variables are defined in Figure 5.2 through a predicate Free(u, M).
We define Bound(u,v, M) (u is bound by v in M) by:

M/v=Xe.P u=v0w M/u=x Free(w,P)
Bound(u,v, M)

If we are not interested in the actual occurrences at which variables appear bound
or free, we can define the sets FV(M) and BV (M) of free and bound variables of
M by:

FV(M) = {z|3u M/u=x and Free(u, M)}

BV(M) = {x|3u,v M/u=x and Bound(u,v, M)} .
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[1[V] = N

Z[N] = =z
(MC)[N] = M(C[N])
(CM)[N] = (CIN]M
(Az.C)[N] = Xz.(C[N))

Figure 5.1: Filling the holes of a context

Free(e, )
Free(u, M) Free(u, N) Free(u, M) M/u# x
Free(1lu, MN) Free(2u, MN) Free(Ou, Az.M)

Figure 5.2: Free occurrences

If M is a term and « ¢ FV(M), one often says that x is fresh (relative to M).

The definition of substitution of a term for a (free) variable raises a difficulty. We
expect Ay.xz and Az.x to be two different notations for the same thing: the constant
function with value x. But careless substitution leads to:

Aya)lr =yl = gy  (Aza)fz —y] = A2y,

only the second of which is intended. What has gone wrong is that, in the first
equality, the free variable y of the substituted term has been captured. This leads
to the capture-avoiding definition of substitution given in Figure 5.3. The choice
of z satisfying the side condition in the last clause of Figure 5.3 is irrelevant: we
manipulate terms up to the following equivalence =, called a-conversion:

(@) CPa.M]=Cy.(Mz —y])] (y & FV(M)),

for any occurrence context C' and any term M.

We now introduce the basic computation rule of the A-calculus.
Definition 5.1.8 (§-rule) The (-rule is the following relation between \-terms:

(8) Clz.M)N] — C[M[z — NJ| ,

x[x — N]J = N

ylz — N] =y (y # )
(MiMs)[x — N] = (Mi[x «— N])(Mz[z < NJ])

(My.M)[x — N] = AIz.(M[y < z][z «— NJ) (z¢ FV(M)UFV(N))

Figure 5.3: Substitution in the A-calculus
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(M. M)N — Mz — N]

M — M’ N — N’ M — M’
W v =y Wy S vy 9 sear S owar

Figure 5.4: [-reduction

where C' is an occurrence context and M, N are arbitrary terms. A term of the form
(Ax.M)N s called a redez.

In Figure 5.4, we give an alternative presentation of S-reduction, by means of an
axiom and inference rules.

Exercise 5.1.9 Show that the substitution algorithm as specified in Figure 5.3 is correctly
defined, i.e., terminates.

The A-calculus, equipped with the S-reduction, is an example of a rewriting
system. We shall use the following (standard) notation: we denote by —* the
reflexive and transitive closure of — , and use — T to express that at least one
step is performed. The reflexive, symmetric, and transitive closure of — is denoted
simply with =.

Here are some examples of derivations, i.e., of sequences of successive rewritings.

Example 5.1.10 (1) I — 1.

(2) SKK —* 1.

(3) AA — AA.

() O faa) O flaz)) — F(Of (@) O f(z2))).

The last two examples show that there are infinite reduction sequences. Moreover,
the last example indicates how fixpoints can be encoded in the A-calculus . If we set

Y =M. (Az.f(zx))(Ax. f(zx)),
then we have Y f =g f(Y f). The term Y is known as Curry’s fixpoint combinator.

Example 5.1.11 Church numerals:

Succ = Anfz.f(nfx)
0=Afnz.x

Here are two different ways to program addition, multiplication and exponential:

m+n  mSuccn Arxm(f(nfz))
mxn mAzn+z)n  Af.m(nf)
n™ m(Aznxx)n  mn
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Another rule, in addition to 3, is often considered:
(n) Clhx.Mz] — CM] (x¢&FV(M)).

This is an extensionality rule, asserting that ‘every term is a function’ (if it is read
backwards).

We state without proof the following result, which is one of the fundamental
theorems of the A-calculus.

Theorem 5.1.12 (Church-Rosser) The [(-reduction is confluent: If M —* N
and M —* P, then N —* Q and P —* Q for some Q.

The following exercise (based on [16]) states a negative result due to Klop.

Exercise* 5.1.13 Suppose that three constants D, F, S are added to the A-calculus, together
with the following new rewriting axiom.:

(SP) D(Fz)(Sz) — =z .

Show that confluence fails for 8+(SP). Hints: Consider the following so-called Turing
fixpoint combinator:
Yr = (Azy.y(zzy))(Aey.y(zay)) -

The advantage of this term over' Y (cf. example 5.1.10) is that Y f is not only convertible
to, but reduces to, f(Yrf). Set C = Yr(Azy.D(F(Ey))(S(E(zy)))) and B = YrC, where
E is a free variable. Notice that B —* A and B —* C A, where A = E(CB). Show that A
and C' A have no common reduct, by contradiction, taking a common reduct with a minimum
number of E’s in head position.

5.2 A more precise look at substitution

In this section, we come back in more detail to the definition of substitution and of
a-conversion, and provide a precise and rigorous treatment of these notions through
de Bruijn notation (introduced below). This notation allows a “unique” represen-
tation of an a-equivalence class of terms. Note however that this unique choice is
parameterized by a list of variables containing the free variables of the term. The
treatment that follows allows us to separate substitution from a-conversion.

We begin by giving another version of the definition of substitution (due to
Goubault [28]) which is now partial. It is based on the following definition of free
and bound variables:

FV(x) ={z} BV(x)=10
FV(MN) = FV(M)UFV(N)  BV(MN) = BV (M)UBV(N)
FV(Ax.M)=FV(M)\ {z} BV (Ax.M) = BV (M) U{x}

This definition coincides with that of the previous section for free variables, but
not for the bound variables (for example, in the sense of the previous section we
have BV (\z.y) = 0).
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mln — N] = =(N) ifm=n =17, LIS
m—1 ifm>n J J =

(Mifn « NJ)(Ma[n < N]) - 7" (N1N2) = (7 (N1)) (7] (N2))
(M[n+ 1« N)) THAN) = A (171 (N))

m ifm<n {

(M Ms)[n — N =
(AM)jn — N] = A,

Figure 5.5: Substitution in de Bruijn notation

Definition 5.2.1 We say that z is substitutable by N in M if and only if x &
BV (M) and FV(N)N BV (M) = 0.

The point of this definition is that if these conditions hold, then the naive defi-
nition of the substitution is riskless:

z[lr «— N]=N

yle = Nl=y (y#=)

(M Ms)[x « N] = M|z «— N|Ms[z «— N]
(Ay.M)[x — N] = A\y.(M[z — NJ)

In the rest of this section, we shall use this simplified definition.

We now move to de Bruijn notation. We introduce the following syntax:
M:=n|MM| XM

where n is a natural number. The idea is to code a variable by its depth of binding.
For the free variables, one searches this binding information in a list of variables
that form somehow the environment of the term. The translation of the A-calculus
into the de Bruijn calculus is thus indexed by a list of variables (we write |Z| for the
length of ¥, x € ¢ for the fact that = appears in the vector 7,...).

DB w3 (2) = 23| (2 & 23)
DB (M M) = DBz(M;)DB#(M>)
DBz(Ay.M) = \.DBz (M)

In de Bruijn notation, the substitution is defined as shown in Figure 5.5.

Here are some explanations. When N is substituted for (or reaches) a free
occurrence of x in M, the binding depth of the bound variables of N is not modified,
but that of the free variables needs to be adjusted (to avoid the capture of free
variables). This explains the 7j'(N) and the two cases of the defintion of 77*(j).
Moreover, a A disappears in the [-reduction, and this induces an adjustment of
the free variables of Az.M, whence the m — 1 in the third case of the defintion of
m[n < N]. The crossings of A are recorded by increments by 1.

The following exercises provide a justification for this rather involved definition.
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Exercise 5.2.2 For all M,N,z1,x, 25 such that FV (M) C 21, z,25, FV(N) C 21,
x & 2, FV(N)Nz3 =10 and z is substitutable by N in M, show:

DB:;L@(M[CC — N]) = DB:v_i,:v,:fg(M)Hx_ﬂ — DBJH(N)]

For all N, 21, 25,23 such that FV(N) C (21,23) and FV(N) Nz N a5 C 23, show:

1

72 (DB (N)) = DB 5, 5 (N)
We define the axiom of g-reduction in de Bruijn notation as follows:
(AM)N —3 M0 < N]
This is justified by the following proposition:

Proposition 5.2.3 For all M, N and & such that FV (M) C & and FV(N) C &, if
M —g N, then DBz(M) —3 DBz(N).

PROOF. The case of the axiom is a instance of the first statement in Exercise 5.2.2,
applied in the case where 5 is empty. ]

In this section, a-equivalence =, is redefined as the smallest congruence gener-
ated by:

Ax.M = y.M[x —y| (x substitutable by yin M and y & FV(M))

Exercise 5.2.4 1. For all M and all finite sets A of variables, show that there
exists M' =, M such that BV (M') N A = 0.

2. For all M,x, N, show that there exists M' =, M such that x is substitutable
by N in M'.

Exercise 5.2.5 Let M, N be two \-terms. Show that the following properties are
equivalent:

1. M =, N,
2. V& (FV(M)UFV(N) C # = DBzM) = DBz(N)),

3. 3% (FV(M)UFV(N) C & and DBz(M) = DBz(N)).

Finally, we redefine the G-reduction as follows, on a-equivalence classes:

N is substitutable to x in M [M] — [N] [M;] — [Mﬂ [Ma] — [Mé]
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Proposition 5.2.6 The (-reduction is correctly defined, i.e., if (Ax.M)N =, (Ax'.M")N’,
if © is substitutable by N in M and if 2’ is substitutable by N’ in M’, then

Mz « N] =4 M'[z' — N']..
PROOF. Let 2 such that FV((Az.M)N) C Z. Then
DBz((Ax.M)N) = DBz((Ax'.M")N") (by Exercise 5.2.5),
hence DBz(N) = DBz(N') and DBz, (M) = DBz ,(M’). We obtain

DBs(Mlz — N)) = DBz,(M)[0 — DB(N)]
— DB (M)[0 — DB:N')] = DBAM'lz' — N')

by a double application of Exercise 5.2.2. We finally conclude by applying again
Exercise 5.2.5. U

Exercise 5.2.7 Show that the definitions of a—conversion and of substitution given
in the previous section are correct, i.e., two terms are a—convertible in the sense of
this section if and only if and only if they are so in the sense of the previous section,
and for all M,x, N there exists M' such that M' =, M, x is substitutable by N in
M’ and M[x « N] =, M'[x « N], where the substitution on the left is that of the
preceding section and the one on the right is that of this section. (Indication: go
through de Bruijn notation).

5.3 Categorical combinators

In this section, we relate A-calculus and (cartesiant closed) categories, by means of
a syntactic translation from A-calculus (in De Bruijn notation) to CCC’s, viewed as
a syntax. On the way, we introduce the simply typed A-calculus. We describe an
implementation of the A-calculus, based on this translation.

We provide a syntax of types:

Az=int|A— A

(int is a basic type, there could be other such basic types). The simply typed terms
are the A-terms accepted by the following typing system, where I' is a list of variable
type declarations of the form z : A:

x does not appearin A T+HM:-A—-BTFN:A Lx:A-M:B

Nx:AAAFx: A I'-MN:B 'kXeM:A— B

The simply typed A-calculus in de Bruijn notation is defined via the following
typing rules (where the contexts are now lists of types):

i<n '-M:A—-BT+N:A I A-M:B
Ay, .., Ao i A I'MN:B I'AM:A— B
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We now move to cartesian closed categories, which we present here in a purely
syntactic (and self-contained) way. The language of types is enriched with finite
products (1 standing for the empty product):

Auz=int|1|AxA|A— A

The (untyped) terms, also called categorical combinators, are given by the following
syntax:

fu=id|[fofl{f,g)|m|x"[A(f)|ev]!

The typed terms are the terms accepted by the following typing system, where the
judgements have the form A+ f: B (cf. Chapter 1).

AFf:B BFg:C

AFid: A AbFgof:C AFl:1

AFf:B At g:C

A {(f,9):BxC AxBtn:A AxBtFq7':B

AxBkFf:C

AFA(f):B—-C (A—-B)x At ev:B

We consider categorical combinators up to provable equality with respect to the
following set of equations:

(fog)oh=fo(goh)

foid=f

idof=f
mo(f,9)=f
mo(f.9)=g
(fig)oh=(foh,goh)
(m,7") =id

evo (A(f),g) = fol(id,g)
A(f)og=A(folgom))
A(ev) = id

f=!

All the equations (except the last one) can be considered without reference to types,
i.e., define also a calculus or untyped categorical combinators. The equation f =!
makes sense only for A f: 1. We shall forget it temporarily.



136 CHAPTER 5. LAMBDA-CALCULUS AND CATEGORIES

We next shall compile the A-calculus in de Bruijn notation into the syntax of
categorical combinators, as follows. Types are translated into themselves. As for
(typed) terms, a judgement of type I' - M : A is translated into a morphism

[T]F[CFM:A]:A
We first need to interpret contexts:
[[=1 [A=[TxA

Il is instructive to represent this translation in a tree form, as it will then be straight-
forward to read the interpretation of variables beneath as an access path in a tree.
The translation of the typing judgements is the following:

[[An,,A()F’LAZ]] = (...(1><An)><...)XA0F7T/O7Ti2AZ‘
[T MN : BJ = evo<['FM:A— B],[TFN:A] >
[FA\M:A— B] = A([I'; AF M : B])

Even if this translation is easier to understand in a typed framework, it can be as
well and more soberly expressed in an untyped framework:

[i(] =7 on®  [MN] = evo < [M],[N] > [A.M] = A([M])

We shall now show how the categorical equations (oriented from left to right)
allow us to simulate the (-reduction. A (-reduction step will be simulated by sev-
eral categorical rewriting steps. This is due to the fact that in the A-calculus, the
substitution is defined outside the calculus itself, while the substitution process is
gradual in categories: in a substitution M|z <« N], N traverses M progressively
down to the leaves x. In order to fill this gap, we extend the syntax of the A-calculus
of de Bruijn with operators that render explicit, or internalise, substitution, and
with corresponding rules (oriented from left to right):

M ==n| MM | XM | M[n — N]|7*N)

The following exercise should make it easier to understand the details of the
definition of substitution in de Bruijn notation.

Exercise 5.3.1 Write typing rules for M[n <« N| and 7]'(N).
We complete the categorical interpretation as follows:
[M[n — NJ] = [M] o P*((id,[N]))  ['(N)] = [N]o P'(x")

where P(f) = f xid = (for,n") (and hence A(f)og = A(foP(g))). The powers of
the operator P correspond to the successive traversals of A nodes. The simulation
begins as follows (we omit the symbols [ and ]).

(AM)N — M[0 «+— N] readsas evo(A(M),N)— Mo (id,N)

This allows us to assert a first slogan:
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substitution = composition

The defintion of [M[n < N]| for n > 0 (as well as that of [7*(V)]) is “dictated”
by the traversal of A nodes. The rule (A\.M)[n «— N| = X\.(M[n + 1 < N]) (resp.
7' (A.N) = A(7],1(N))) is then simulated using the rule

A(f)og— A(folgom ')

The traversal of applications is simulated thanks to the associativity rule and to the
rule

(frg)oh — (foh,goh)

This allows us to assert a second slogan:
passage of the substitution = natural transformation

We recommend to the reader to check that these two categorical equations indeed
express the naturality in A and C of the bijections between C[A, B] x C[A, C] and
C[A, B x C] and between C[C x A, B] and C[C, A — B|, respectively.

We are left with the variable case:

[m[n « N]] = (z' o 7™) 0o P*(< id, [N] >)

We note that by definition of P, and thanks to the two projection rules and to the
right identity rule, we have:

moP(f)— for  woP(f) =" n
We examine the three cases (cf. Figure 5.5):

e m < n. Repeating the commutation of 7 and P, we obtain:
7' o™ o P"({id, [N])) —* 7' o P*""({id,N)) o ™ —* ™

(proceeding with care, one may use the associativity rule only from left to
right).

e m =n. We have in this case:
7’ on™ o P"({id,[N])) —=* 7’ o (id, N) o "™ —* [N] o =™
whence the defintion of [7§(N)].
e m > n. We have:

7’ o™ o P"({id,[N])) =* 7’ o #™ ™o (id,[N]) o 7" —* 7’ o 7™ 1

Finally, we examine [77*(j)].
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e j < 1. We have:

7 om0 Pi(n") —=* ' o P (n™) o) —* 7l o

e j>i.
L L . .
7 ont o P(ra") »* ol o ot —* 1l o It

which completes the proof of correctness of the simulation.

Remark 5.3.2 1. We did not use the equation A(ev) = id. It allows us to
validate the rule of n-conversion Ax.Mx = M.

2. We could have extended the A-calculus to product types:
M:=x| MM | e M| fst(M) | snd(M) | (M, M) |!

The simulation of the S-reduction extends without difficulty. The rule (r,7') =
id allows us to validate the “n-conversion of the product”, or surjective pairing,
which is the following rule:

(fst(M), snd(M)) =M

In fact, there is a complete equivalence between A-calculus with products and
categorical combinators.

3. Categorical combinators [15] have been the first calculus to provide an explicit
computational treatment of substitution. Since then, syntazes closer to that of
the \-calculus have been proposed, the first one being the Ao-calculus [1, 17].

Exercise 5.3.3 Justify the claims about n and about surjective pairing made in
Remark 5.3.2.

5.4 The Categorical Abstract Machine

In this section, we show how to execute categorical combinators, not by rewriting,
but by defining an evaluation function, by inference rules, From the specification of
the evaluation function, we shall in turn extract an abstract machine expressed by
a transition system.

The idea underlying the definition of the evaluation function is to formalise the
set-theoretical functions underlying the combinators. In the following rules, the
notation (f|s) =t should read as: “the value of f at s is t.
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(fls) = s1 (gls1) = s2
(id|s) = s (go fls)=s2
(fls) = s1 (gls) = s2
((f,9)]s) = (s1,52) (ml(s1,82)) =51 (7'[(s1,52)) = 52
(fl(s,1)) = s1
(A()ls) = A(f)s  (ev[(A(f)s, 1)) = s1

On the way, we have defined a syntax for new syntactical objects s, that we call
values:

s = () [l (s s) | A(f)s

The value () is used for evaluating a closed term, while n is a constant of basic type.
For example:

(A@)0) = A=)()  (evo < A(x'), 7" > [2) =2

The construction A(f)s is inspired from the practice of functional programming
languages implementation: it is a closure that stores the code of a function together
with its environment at declaration time. In a functional langage like CAML or
Haskell, evaluation is weak, i.e., does not compute under \’s: for example, Ax.(Ay.y)z
is not evaluated, but (Az.(A\y.y)z)2 is (yielding value 2). The passage of Az.(A\y.y)z
to Az.x is a program transformation, or optimisation, which can be taken care of by
different tools, such as partial evaluation.

The above formal system is deterministic, since there is exactly one rule per
combinator. We shall show that it is total, in the sense that (f|s) is always well
defined (if f and s are correctly typed, and if their types match).

But we first derive an abstract machine from our specification of the evaluation
function. Since this specification is recursive terminal, it is straightforward to turn
it into an iterative one, by means of a stack. We now view a term as a piece of code:
composition becomes code concatenation, and the symbols of the pairing combinator
become instructions PUSH, SWAP and CONS, respectively. Here are the transitions of
the machine:

code(id) = SKIP code(m) = CAR code(n’) = CDR code(ev) = ev
code(go f) = code(f); code(g) code(A(f)) = A(code(f))
code((f,g)) = PUSH; code( f); SWAP; code(g); CONS
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(SKIP;C'| s |S) — (C|s|S)
(CAR; C'[ (s1,82) [ S) = (C|s1]S5)
(COR:C | (51,5) | S)  — (C|s2]8)
(PUSH; C' | s | S) — (C|s|s-S)
(SWAP; C' | s1 | s2-5) — (C|sa2]|s1-95)
<CONS C ’ S9 ‘ S1 > — <C ‘ (81,82) ’ S>
(A(C);C"[s]5) — (C'[A(C)s]5)
(ev; O (A(C)s, 1) | S) — (C;C7|(s,8) [ 5)

This machine is called the CAM (Categorical Abstract Machine) [14]. The three
components are called code, environment and stack, respectively. The two evaluation
mechanisms are related as follows.

Proposition 5.4.1 If (f|s) =t, then (f|s|) =" (|t]|) (the empty space means
empty stack or empty code).

PRrOOF. Left to the reader.

5.5 Termination of the CAM and hierarchical coherence

In this section, we show that the (typed) CAM terminates, i.e. does not admit infi-
nite sequences of successive transitions, and we prove an invariant of the evaluation
fonction, a consequence of which is the following theorem, due to Lafont [33].

Theorem 5.5.1 The embedding of a category C in the free cartersian closed cate-
gory CCC(C) generated by C is full and faithful.

We have to accommodate the datas of the category C. To this aim, we adjust
the syntax of types and categorical combinators:

Au=A|1|AxA|A— A
fa=flid| fofl{f.g)[m|a [A(f)]ev]!

The clauses A and f import the objets and the morphisms of C.
We add the following typing judgement:

[ € Cl4, B]

A-[:B

The free cartersian closed category CCC(C) is the category whose objets are the
types A generated by the syntax of types, and the morphisms are the categorical
terms that are generated by the syntax of terms, quotiented by the equations given
above, together with

-~
&
I
-
&

Kﬁ
o
<
Il
I~
o
S
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We also adjust the syntax of values:

su=f1(s,8) | A(f)s |!

We shall type values by means of judgements of the form 4 s : B, and at the
same time we shall define a “decompilation” s +— s from values to terms (such that
AlF's: B):

f € ClA B]

Faf:B  f=f Falil =)

Fas:B Fut:C

Fa(s,t): BxC "(s,t) = ("s,'t)

CXBlkfIBQ FAS:C

FAA(f)s: By — By '(A(f)s) = A(f)o's

Note that the transformation / is essentielly an inclusion from values to terms: we
could as well have written (s,t) instead of (s,t) and A(f) o s instead of A(f)s in
the first place, but the notation change underlines the fact that this subset of terms
plays a distinct role.

We extend the definition of the evaluator by the following clauses:

m (!s)y =!

The key property is stated in the following proposition.

Proposition 5.5.2 If B+ f: C and b4 s : B, then there ezists a (unique) t such
that (f|s) =t. Moreover, we have 5t : C.

PROOF. We use a realisability technique (in a particularly simple form) . We write
(fls) | if there exists t such that (f|s) = t. We define the predicate s |—4B (s
realises B) as follows:

Faf:B  sl=aB tl=aC 0 Vi (E=aBr= (Fl(s,1) 1)

fl-4B (s,8) [[FaB x C A(f)sl-4B1 — By
The statement is an immediate consequence of the following properties:

(A) If BF f:C and s | 4B, then there exists ¢ such that (f|s) = t, and moreover
t|~4C. This is proved by induction on f. In the case of the composition,
we use the clause “moreover ¢ |- ,C”. The definition of A(f)s | ,B1 — Bz is
precisely designed to pass the case ev. All the other cases are evident.
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(B) If F4 s : B, then s|—,4B. We proceed here by induction on s. The only
non trivial case is A(f)s. By induction, we have s|—4C. Let ¢ be such that
t|~4B1. We have (s,t) |- 4,C x By, hence by property (A) (which we have
proved independently), we have (f|(s,t)) |. Hence A(f)s|-4B1 — B2. This
concludes the proof. N O

Corollary 5.5.3 The CAM (executed on correctly typed terms) terminates.
Proor. Cf. Proposition 5.4.1. O
But there is more to this story. We now prove a coherence result.

Proposition 5.5.4
(BEf:C,Fas:B,(fls)y=t) = Ffols="t

PROOF. The proof is by induction on the proof that (f|s) = ¢. We use the same
equations as for the simulation of 3, with two differences:

1. we do not use the naturaliy of A (weak evaluation!);

2. we use a variant of the rule that allows us to initiate the (-reduction:

evo (A(f)oh,g) = fo(h,g)

We can now prove the hierarchical coherence theorem

ProOOF OF THEOREM 5.5.1.
e The embedding is full. Let A - f : B, and let s = (f|id) (with F4 id : A).

(We now that s exists by totality.) By the typing, we know that s = g, for
some g, with -4 g : B. By coherence, we have - f o’id =g, hence - f = g.

e The embedding is faithful. We can show that for all categorical axioms f = g,
we have (f|s) = (g|s) for all (correctly typed) s. Thus if - f = g, we have
(using the clause of the evaluator for the constants f, g):

f=foid=(fl|id) = (glid) =goid =g

i.e., if f and g are equal modulo the equations that characterise CCC(C), then
f and g coincide. O

Note that Theorem 5.5.1 holds as well for a slightly weaker quotient (by the
equational theory described just before the proof of the hierarchical coherence prop-
erty.
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