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Abstract

This article attempts to develop a usable framework for doing category theory
in Isabelle/HOL. Our point of view, which to some extent differs from that of the
previous AFP articles on the subject, is to try to explore how category theory can
be done efficaciously within HOL, rather than trying to match exactly the way
things are done using a traditional approach. To this end, we define the notion of
category in an “object-free” style, in which a category is represented by a single
partial composition operation on arrows. This way of defining categories provides
some advantages in the context of HOL, including the ability to avoid the use of
records and the possibility of defining functors and natural transformations simply
as certain functions on arrows, rather than as composite objects. We define various
constructions associated with the basic notions, including: dual category, product
category, functor category, discrete category, free category, functor composition, and
horizontal and vertical composite of natural transformations. A “set category” locale
is defined that axiomatizes the notion “category of all sets at a type and all functions
between them,” and a fairly extensive set of properties of set categories is derived
from the locale assumptions. The notion of a set category is used to prove the Yoneda
Lemma in a general setting of a category equipped with a “hom embedding,” which
maps arrows of the category to the “universe” of the set category. We also give a
treatment of adjunctions, defining adjunctions via left and right adjoint functors,
natural bijections between hom-sets, and unit and counit natural transformations,
and showing the equivalence of these definitions. We also develop the theory of limits,
including representations of functors, diagrams and cones, and diagonal functors. We
show that right adjoint functors preserve limits, and that limits can be constructed
via products and equalizers. We characterize the conditions under which limits exist
in a set category. We also examine the case of limits in a functor category, ultimately
culminating in a proof that the Yoneda embedding preserves limits.

Revisions made subsequent to the first version of this article added material on
equivalence of categories, cartesian categories, categories with pullbacks, categories
with finite limits, and cartesian closed categories. A construction was given of the
category of hereditarily finite sets and functions between them, and it was shown
that this category is cartesian closed.
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Chapter 1

Introduction

This article attempts to develop a usable framework for doing category theory in Is-
abelle/HOL. Perhaps the main issue that one faces in doing this is how best to represent
what is essentially a theory of a partially defined operation (composition) in HOL, which
is a theory of total functions. The fact that in HOL every function is total means that
a value must be given for the composition of any pair of arrows of a category, even
if those arrows are not really composable. Proofs must constantly concern themselves
with whether or not a particular term does or does not denote an arrow, and whether
particular pairs of arrows are or are not composable. This kind of issue crops up in the
most basic situations, such as trying to use associativity of composition to prove that
two arrows are equal. Without some sort of systematic way of dealing with this issue,
it is hard to do proofs of interesting results, because one is constantly distracted from
the main line of reasoning by the necessity of proving lemmas that show that various
expressions denote well-defined arrows, that various pairs of arrows are composable, etc.

In trying to develop category theory in this setting, one notices fairly soon that
some of the problem can be solved by creating introduction rules that allow the proof
assistant to automatically infer, say, that a given term denotes an arrow with a particular
domain and codomain from similar properties of its proper subterms. This “upward”
reasoning helps, but it goes only so far. Eventually one faces a situation in which it
is desired to prove theorems whose hypotheses state that certain terms denote arrows
with particular domains and codomains, but the proof requires similar lemmas about the
proper subterms. Without some way of doing this “downward” reasoning, it becomes
very tedious to establish the necessary lemmas.

Another issue that one faces when trying to formulate category theory within HOL is
the lack of the set-theoretic universe that is usually assumed in traditional developments.
Since there is no “type of all sets” in HOL, one cannot construct “the” category Set of all
sets and functions between them. Instead, the best one can do is consider “a” category
of all sets and functions at a particular type. Although the lack of set-theoretic universe
would likely cause complications for some applications of category theory, there are many
applications for which the lack of a universe is not really a hindrance. So one might well
adopt a point of view that accepts a priori the lack of a universe and asks instead how



much of traditional category theory could be done in such a setting.

There have been two previous category theory submissions to the AFP. The first [5] is
an exploratory work that develops just enough category theory to enable the statement
and proof of a version of the Yoneda Lemma. The main features are: the use of records
to define categories and functors, construction of a category of all subsets of a given
set, where the arrows are domain set/codomain set/function triples, and the use of
the category of all sets of elements of the arrow type of category C as the target for the
Yoneda functor for C. The second category theory submission to the AFP [2] is somewhat
more extensive in its scope, and tries to match more closely a traditional development
of category theory through the use of a set-theoretic universe obtained by an axiomatic
extension of HOL. Categories, functors, and natural transformations are defined as multi-
component records, similarly to [5]. “The” category of sets is defined, having as its
object and arrow type the type ZF, which is the axiomatically defined set-theoretic
universe. Included in [2] is a more extensive development of natural transformations,
vertical composition, and functor categories than is to be found in [5]. However, as in
[5], the main purely category-theoretic result in [2] is the Yoneda Lemma. Beyond the
use of “extensional” functions, which take on a particular default value outside of their
domains of definition, neither [5] nor [2] explicitly describe a systematic approach to the
problem of obtaining lemmas that establish when the various terms appearing in a proof
denote well-defined arrows.

The present development differs in a number of respects from that of [5] and [2], both
in style and scope. The main stylistic features of the present development are as follows:

o The notion of a category is defined in an “object-free” style, motivated by [1], Sec.
3.52-3.53, in which a category is represented by a single partial composition oper-
ation on arrows. This way of defining categories provides some advantages in the
context of HOL, including the possibility of avoiding extensive use of composite ob-
jects constructed using records. (Katovsky seemed to have had some similar ideas,
since he refers in [3] to a theory “PartialBinaryAlgebra” that was also motivated
by [1], although this theory did not ultimately become part of his AFP article.)

e Functors and natural transformation are defined simply to be certain functions on
arrows, where locale predicates are used to express the conditions that must be
satisfied. This makes it possible to define functors and natural transformations
easily using lambda notation without records.

¢ Rules for reasoning about categories, functors, and natural transformations are
defined so that all “diagrammatic” hypotheses reduce to conjunctions of assertions,
each of which states that a given entity is an arrow, has a particular domain
or codomain, or inhabits a particular “hom-set”. A system of introduction and
elimination rules is established which permits both “upward” reasoning, in which
such diagrammatic assertions are established for larger terms using corresponding
assertions about the proper subterms, as well as “downward” reasoning, in which
diagrammatic assertions about proper subterms are inferred from such assertions
about a larger term, to be carried out automatically.



o Constructions on categories, functors, and natural transformations are defined us-
ing locales in a formulaic fashion. As an example, the product category construction
is defined using a locale that takes two categories (given by their partial composi-
tion operations) as parameters. The partial composition operation for the product
category is given by a function “comp” defined in the locale. Lemmas proved within
the locale include the fact that comp indeed defines a category, as well as character-
izations of the basic notions (domain, codomain, identities, composition) in terms
of those of the parameter categories. For some constructions, such as the product
category, it is possible and convenient to have a “transparent” arrow type, which
permits reasoning about the construction without having to introduce an elaborate
system of constructors, destructors, and associated rules. For other constructions,
such as the functor category, it is more desirable to use an “opaque” arrow type
that hides the concrete structure, and forces all reasoning to take place using a
fixed set of rules.

o Rather than commit to a specific concrete construction of a category of sets and
functions a “set category” locale is defined which axiomatizes the properties of the
category of sets with elements at a particular type and functions between such.
In keeping with the definitional approach, the axiomatization is shown consistent
by exhibiting a particular interpretation for the locale, however care is taken to
to ensure that any proofs making use of the interpretation depend only on the
locale assumptions and not on the concrete details of the construction. The set
category axioms are also shown to be categorical, in the sense that a bijection
between the sets of terminal objects of two interpretations of the locale extends to
an isomorphism of categories. This supports the idea that the locale axioms are
an adequate characterization of the properties of a category of sets and functions
and the details of a particular concrete construction can be kept hidden.

A brief synopsis of the formal mathematical content of the present development is as
follows:

e Definitions are given for the notions: category, functor, and natural transformation.

e Several constructions on categories are given, including: free category, discrete
category, dual category, product category, and functor category.

e Composite functor, horizontal and vertical composite of natural transformations
are defined, and various properties proved.

e The notion of a “set category” is defined and a fairly extensive development of the
consequences of the definition is carried out.

e Hom-functors and Yoneda functors are defined and the Yoneda Lemma is proved.

o Adjunctions are defined in several ways, including universal arrows, natural iso-
morphisms between hom-sets, and unit and counit natural transformations. The
relationships between the definitions are established.



e The theory of limits is developed, including the notions of diagram, cone, limit
cone, representable functors, products, and equalizers. It is proved that a cate-
gory with products at a particular index type has limits of all diagrams at that
type. The completeness properties of a set category are established. Limits in
functor categories are explored, culminating in a proof that the Yoneda embedding
preserves limits.

Revision Notes

The 2018 version of this development was a major revision of the original (2016)
version. Although the overall organization and content remained essentially the same,
the 2018 version revised the axioms used to define a category, and as a consequence many
proofs required changes. The purpose of the revision was to obtain a more organized set of
basic facts which, when annotated for use in automatic proof, would yield behavior more
understandable than that of the original version. In particular, as I gained experience
with the Isabelle simplifier, I was able to understand better how to avoid some of the
vexing problems of looping simplifications that sometimes cropped up when using the
original rules. The new version “feels” about as powerful as the original version, or
perhaps slightly more so. However, the new version uses elimination rules in place of
some things that were previously done by simplification rules, which means that from
time to time it becomes necessary to provide guidance to the prover as to where the
elimination rules should be invoked.

Another difference between the 2018 version of this document and the original is the
introduction of some notational syntax, which I intentionally avoided in the original. An
important reason for not introducing syntax in the original version was that at the time
I did not have much experience with the notational features of Isabelle, and I was afraid
of introducing hard-to-remove syntax that would make the development more difficult to
read and write, rather than easier. (I tended to find, for example, that the proliferation
of special syntax introduced in [2] made the presentation seem less readily accessible
than if the syntax had been omitted.) In the 2018 revision, I introduced syntax for
composition of arrows in a category, and for the notion of “an arrow inhabiting a hom-
set.” The notation for composition eases readability by reducing the number of required
parentheses, and the notation for asserting that an arrow inhabits a particular hom-set
gives these assertions a more familiar appearance; making it easier to understand them
at a glance.

This document was revised again in early 2020, prior to the release of Isabelle2020.
That revision incorporated the generic “concrete category” construction originally intro-
duced in [6], and using it systematically as a uniform replacement for various construc-
tions that were previously done in an ad hoc manner. These include the construction
of “functor categories” of categories of functors and natural transformations, “set cat-
egories” of sets and functions, and various kinds of free categories. The awkward “ab-
stracted category” construction, which had no interesting mathematical content but was
present in the original version as a solution to a modularity problem that I no longer
deem to be a significant issue, has been removed. The cumbersome “horizontal compos-
ite” locale, which was unnecessary given that in this formalization horizontal composite



is given simply by function composition, has been replaced by a single lemma that does
the same job. Finally, a lemma in the original version that incorrectly advertised itself
as being the “interchange law” for natural transformations, has been changed to be the
correct general statement.

The current version of this document incorporates further revisions, made later in
2020 after the release of Isabelle2020. The theory “category with pullbacks”, originally
introduced in [6], was moved here and improved somewhat. In addition, new theories
were introduced to cover additional common situations of categories with certain kinds
of limits: “cartesian category”, which concerns categories with binary products and a
terminal object, “cartesian closed category”, which additionally have exponentials, and
“category with finite limits”, which is shown to be the same as “category with pullbacks
and terminal object”. To tie things together and to verify the consistency of the locales
(e.g. “cartesian closed category”) for which concrete interpretations have not yet been
given, we construct a category whose objects correspond to the hereditarily finite sets
and whose arrows correspond to functions between such sets, and we show that this
category is cartesian closed and has finite limits. To facilitate this development, we gen-
eralize the “set category” construction to cover some cases in which not every subset of
the “universe” need determine an object. In particular, the generalized notion of “set
category” covers the case in which only finite sets correspond to objects. This general-
ization permits us to treat the category of hereditarily finite sets as a “set category” and
to apply some results previously shown about limits in such a category.

In early 2022 a construction was added, using “ZFC in HOL”, of the (large) category
of small sets and functions between them, and it was shown that this category is small-
complete.
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Chapter 2

Category

theory Category
imports Main HOL— Library. FuncSet
begin

This theory develops an “object-free” definition of category loosely following [1], Sec.
3.52-3.53. We define the notion “category” in terms of axioms that concern a single
partial binary operation on a type, some of whose elements are to be regarded as the
“arrows” of the category.

The nonstandard definition of category has some advantages and disadvantages. An
advantage is that only one piece of data (the composition operation) is required to
specify a category, so the use of records is not required to bundle up several separate
objects. A related advantage is the fact that functors and natural transformations can
be defined simply to be functions that satisfy certain axioms, rather than more complex
composite objects. One disadvantage is that the notions of “object” and “identity arrow”
are conflated, though this is easy to get used to. Perhaps a more significant disadvantage
is that each arrow of a category must carry along the information about its domain and
codomain. This implies, for example, that the arrows of a category of sets and functions
cannot be directly identified with functions, but rather only with functions that have
been equipped with their domain and codomain sets.

To represent the partiality of the composition operation of a category, we assume that
the composition for a category has a unique zero element, which we call null, and we
consider arrows to be “composable” if and only if their composite is non-null. Functors
and natural transformations are required to map arrows to arrows and be “extensional”
in the sense that they map non-arrows to null. This is so that equality of functors and
natural transformations coincides with their extensional equality as functions in HOL.
The fact that we co-opt an element of the arrow type to serve as null means that it is not
possible to define a category whose arrows exhaust the elements of a given type. This
presents a disadvantage in some situations. For example, we cannot construct a discrete
category whose arrows are directly identified with the set of all elements of a given type
‘a; instead, we must pass to a larger type (such as ‘a option) so that there is an element
available for use as null. The presence of null, however, is crucial to our being able to

11



define a system of introduction and elimination rules that can be applied automatically
to establish that a given expression denotes an arrow. Without null, we would be able
to define an introduction rule to infer, say, that the composition of composable arrows
is composable, but not an elimination rule to infer that arrows are composable from the
fact that their composite is an arrow. Having the ability to do both is critical to the
usability of the theory.

A partial magma is a partial binary operation OP defined on the set of elements at
a type ‘a. As discussed above, we assume the existence of a unique element null of type
'a that is a zero for OP, and we use null to represent “undefined”.

locale partial-magma =

fixes OP :: 'a = 'a = 'a

assumes cz-un-null: A'n. V. OPnt=n A OPtn=n
begin

definition null :: 'a
where null = (THE n. Vt. OPnt=n A OPtn = n)

lemma null-eql:
assumes At. OPnt=nAOPtn=n
shows n = null

(proof)

lemma null-is-zero [simpl:
shows OP null t = null and OP t null = null
(proof )

end

2.1 Partial Composition

A partial composition is formally the same thing as a partial magma, except that we
think of the operation as an operation of “composition”, and we regard elements f and
g of type 'a as composable if their composition is non-null.

type-synonym ‘a comp = ‘a = ‘a = a

locale partial-composition =
partial-magma C

for C :: 'a comp (infixr > 55)

begin

An identity is a self-composable element a such that composition of any other element
f with @ on either the left or the right results in f whenever the composition is defined.

definition ide
where ide a = a - a # null A

V. (fraZnull —f-a=fHNAN(a-f#nll — a-f=)))

12



A domain of an element f is an identity a for which composition of f with a on the
right is defined. The notion codomain is defined similarly, using composition on the left.
Note that, although these definitions are completely dual, the choice of terminology im-
plies that we will think of composition as being written in traditional order, as opposed
to diagram order. It is pretty much essential to do it this way, to maintain compatibil-
ity with the notation for function application once we start working with functors and
natural transformations.

definition domains
where domains f = {a. ide a A f - a # null}

definition codomains

where codomains f = {b. ide b A b - f # null}

lemma domains-null:
shows domains null = {}

(proof)

lemma codomains-null:
shows codomains null = {}

(proof)

lemma self-domain-iff-ide:
shows a € domains a +— ide a

{proof)

lemma self-codomain-iff-ide:
shows a € codomains a «— ide a

(proof)

An element f is an arrow if either it has a domain or it has a codomain. In an arbitrary
partial magma it is possible for f to have one but not the other, but the category locale
will include assumptions to rule this out.

definition arr
where arr f = domains f # {} V codomains f # {}

lemma not-arr-null [simp]:
shows — arr null

(proof)

Using the notions of domain and codomain, we can define homs. The predicate
in-hom f a b expresses “f is an arrow from a to b,” and the term hom a b denotes the set
of all such arrows. It is convenient to have both of these, though passing back and forth
sometimes involves extra work. We choose in-hom as the more fundamental notion.

definition in-hom (-1 - = -m)

where «f : a = b» = a € domains f A b € codomains f

abbreviation hom
where hom a b = {f. «f : a = b»}

13



lemma arrl:
assumes «f : a — b»
shows arr f

(proof)

lemma ide-in-hom [intro]:
shows ide a +— «a : a — a»
{proof)

Arrows f ¢ for which the composite ¢ - f is defined are sequential.

abbreviation seq
where seq g f = arr (g - f)

lemma comp-arr-ide:
assumes ide a and seq f a
shows f - a = f

(proof )

lemma comp-ide-arr:
assumes ide b and seq b f
shows b - f = f

(proof )

The domain of an arrow f is an element chosen arbitrarily from the set of domains
of f and the codomain of f is an element chosen arbitrarily from the set of codomains.

definition dom
where dom f = (if domains f # {} then (SOME a. a € domains f) else null)

definition cod
where cod f = (if codomains f # {} then (SOME b. b € codomains f) else null)

lemma dom-null [simp]:
shows dom null = null

{proof)

lemma cod-null [simp]:
shows cod null = null

(proof)

lemma dom-in-domains:
assumes domains f # {}
shows dom f € domains f

(proof)

lemma cod-in-codomains:
assumes codomains [ # {}
shows cod f € codomains f

(proof)

14



end

2.2 Categories

A category is defined to be a partial magma whose composition satisfies an extensionality
condition, an associativity condition, and the requirement that every arrow have both a
domain and a codomain. The associativity condition involves four “matching conditions”
(match-1, match-2, match-3, and match-4) which constrain the domain of definition of
the composition, and a fifth condition (comp-assoc’) which states that the results of the
two ways of composing three elements are equal. In the presence of the comp-assoc’
axiom match-4 can be derived from match-3 and vice versa.

locale category = partial-composition +

assumes ext: g - f # null = seq g f

and has-domain-iff-has-codomain: domains f # {} +— codomains f # {}

and match-1: [ seq h g; seq (h - g) f] = seq g f

and match-2: [ seqh (g - f); seqgf ] = seqh g

and match-3: [ seq g f; seq h g | = seq (h - g) f

and comp-assoc”: [ seq g f; seqhg] = (h-g)-f=h-g-f

begin

Associativity of composition holds unconditionally. This was not the case in previous,

weaker versions of this theory, and I did not notice this for some time after updating
to the current axioms. It is obviously an advantage that no additional hypotheses have
to be verified in order to apply associativity, but a disadvantage is that this fact is now
“too readily applicable,” so that if it is made a default simplification it tends to get in
the way of applying other simplifications that we would also like to be able to apply
automatically. So, it now seems best not to make this fact a default simplification, but
rather to invoke it explicitly where it is required.

lemma comp-assoc:
shows (h-g)-f=h-g-f
(proof )

lemma match-4:
assumes seq g f and seq h g
shows seq h (g - f)

(proof)

lemma domains-comp:
assumes seq g f
shows domains (g - f) = domains f

{proof)

lemma codomains-comp:
assumes seq g f
shows codomains (g - f) = codomains g

{proof)
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lemma has-domain-iff-arr:
shows domains f # {} +— arr f

{proof)

lemma has-codomain-iff-arr:
shows codomains f # {} +— arr f

{proof)

A consequence of the category axioms is that domains and codomains, if they exist,
are unique.

lemma domain-unique:

! / .
assumes a € domains f and o’ € domains f
shows a = a’

{proof)

lemma codomain-unique:
assumes b € codomains f and b’ € codomains f
shows b = b’

{proof)

lemma domains-simp:
assumes a7 f
shows domains f = {dom [}

(proof)

lemma codomains-simp:
assumes arr f
shows codomains f = {cod f}

(proof)

lemma domains-char:
shows domains f = (if arr f then {dom f} else {})

{proof)

lemma codomains-char:
shows codomains f = (if arr f then {cod f} else {})

(proof)

A consequence of the following lemma is that the notion arr is redundant, given
in-hom, dom, and cod. However, I have retained it because I have not been able to find a
set of usefully powerful simplification rules expressed only in terms of in-hom that does
not result in looping in many situations.

lemma arr-iff-in-hom:

shows arr f «— «f : dom f — cod f»

(proof)

lemma in-homl [intro]:
assumes arr f and dom f = a and cod f = b
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shows «f : a — b»
(proof)

lemma in-homFE [elim]:

assumes «f : a — b»

and arr f = domf=a=codf=b= T
shows T

{proof)

To obtain the “only if” direction in the next two results and in similar results later for
composition and the application of functors and natural transformations, is the reason
for assuming the existence of null as a special element of the arrow type, as opposed to,
say, using option types to represent partiality. The presence of null allows us not only to
make the “upward” inference that the domain of an arrow is again an arrow, but also to
make the “downward” inference that if dom f is an arrow then so is f. Similarly, we will
be able to infer not only that if f and g are composable arrows then ¢g - f is an arrow,
but also that if g - f is an arrow then f and g are composable arrows. These inferences
allow most necessary facts about what terms denote arrows to be deduced automatically
from minimal assumptions. Typically all that is required is to assume or establish that
certain terms denote arrows in particular homs at the point where those terms are first
introduced, and then similar facts about related terms can be derived automatically.
Without this feature, nearly every proof would involve many tedious additional steps to
establish that each of the terms appearing in the proof (including all its subterms) in
fact denote arrows.

lemma arr-dom-iff-arr:
shows arr (dom f) +— arr f

(proof)

lemma arr-cod-iff-arr:
shows arr (cod f) +— arr f

(proof)

lemma arr-dom [simp]:
assumes a7 f
shows arr (dom f)

(proof)

lemma arr-cod [simp):
assumes a7 f
shows arr (cod f)

(proof)

lemma seql [simp]:
assumes arr f and arr ¢ and dom g = cod f
shows seq g f

(proof )

This version of seql is useful as an introduction rule, but not as useful as a simplifi-
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cation, because it requires finding the intermediary term b. Sometimes auto is able to do
this, but other times it is more expedient just to invoke this rule and fill in the missing
terms manually, especially when dealing with a chain of compositions.

lemma seql’ [introl:

assumes «f : a — b» and «g: b — c»

shows seq g f

(proof)

lemma compatible-iff-seq:
shows domains g N codomains f # {} +— seq g f

(proof )

The following is another example of a crucial “downward” rule that would not be
possible without a reserved null value.

lemma seqE [elim]:

assumes seq g f

and arr f = arr g = dom g = cod f = T
shows T

(proof)

lemma comp-in-homlI [intro):
assumes «f : a — b» and «g: b — c»
shows «g - f:a — c»

(proof)

lemma comp-in-homlI’ [simp]:
assumes arr f and arr ¢ and dom f = a and cod g = ¢ and dom g = cod f
shows «g - f 1 a — ¢»

(proof)

lemma comp-in-homE [elim]:
assumes «g - [ : a — c»
obtains b where «f : ¢ — b» and «g : b — ¢»

(proof)

The next two rules are useful as simplifications, but they slow down the simplifier
too much to use them by default. So it is necessary to guess when they are needed and
cite them explicitly. This is usually not too difficult.

lemma comp-arr-dom:
assumes arr f and dom f = a
shows f - a = f

(proof )

lemma comp-cod-arr:
assumes arr f and cod f = b
shows b - f = f

(proof )
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lemma ide-char:
shows ide a <— arra A doma =a N cod a = a

(proof)

In some contexts, this rule causes the simplifier to loop, but it is too useful not to
have as a default simplification. In cases where it is a problem, usually a method like
blast or force will succeed if this rule is cited explicitly.

lemma ideD [simp):
assumes ide a
shows arr a and dom a = a and cod a = a

(proof)

lemma ide-dom [simp]:
assumes a7 f
shows ide (dom f)

(proof)

lemma ide-cod [simp]:
assumes a7 f
shows ide (cod f)

(proof)

lemma dom-eql:
assumes ide a and seq f a
shows dom f = a

(proof)

lemma cod-eql:
assumes ide b and seq b f
shows cod f = b

(proof)

lemma dom-eql ”:
assumes a € domains f
shows a = dom f

(proof)

lemma cod-eql":
assumes a € codomains f
shows a = cod f

{proof)

lemma ide-char”:
shows ide a <— arr a A (dom a = a V cod a = a)

(proof)

lemma dom-dom:
shows dom (dom f) = dom f

(proof)
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lemma cod-cod:
shows cod (cod f) = cod f

{proof)

lemma dom-cod:
shows dom (cod f) = cod f

{proof)

lemma cod-dom:
shows cod (dom f) = dom f

(proof)

lemma dom-comp [simp):
assumes seq g f
shows dom (g - f) = dom f

(proof)

lemma cod-comp [simp]:
assumes seq g f
shows cod (g - f) = cod g

(proof)

lemma comp-ide-self [simp]:
assumes ide a
shows ¢ - a = a

(proof )

lemma ide-compE [elim]:
assumes ide (g - f)

and seqgf = seqfg=—= g -f=domf =g -f=codg= T

shows T

(proof)

The next two results are sometimes useful for performing manipulations at the head
of a chain of composed arrows. I have adopted the convention that such chains are canon-
ically represented in right-associated form. This makes it easy to perform manipulations
at the “tail” of a chain, but more difficult to perform them at the “head”. These results
take care of the rote manipulations using associativity that are needed to either permute
or combine arrows at the head of a chain.

lemma comp-permute:

assumes f - g =k - [ and seq f g and seq g h

shows f-g-h=k-1-h
(proof )

lemma comp-reduce:

assumes f - g = k and seq f g and seq g h

shows f-g-h=%k-h
(proof )
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Here we define some common configurations of arrows. These are defined as abbrevi-
ations, because we want all “diagrammatic” assumptions in a theorem to reduce readily
to a conjunction of assertions of the basic forms arr f, dom f = X, cod f = Y, and «f :
a — by.

abbreviation endo
where endo f = seq f f

abbreviation antipar
where antipar f g = seq g f N seq f g

abbreviation span
where span f g = arr f A\ arr g A dom f = dom g

abbreviation cospan
where cospan fg = arr f A arr g A cod f = cod g

abbreviation par
where par fg = arr f A arr g A dom f = dom g A cod f = cod g

end

end
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Chapter 3

Concrete Categories

In this section we define a locale concrete-category, which provides a uniform (and more
traditional) way to construct a category from specified sets of objects and arrows, with
specified identity objects and composition of arrows. We prove that the identities and
arrows of the constructed category are appropriately in bijective correspondence with the
given sets and that domains, codomains, and composition in the constructed category are
as expected according to this correspondence. In the later theory Functor, once we have
defined functors and isomorphisms of categories, we will show a stronger property of this
construction: if C' is any category, then C is isomorphic to the concrete category formed
from it in the obvious way by taking the identities of C as objects, the set of arrows of
C as arrows, the identities of C as identity objects, and defining composition of arrows
using the composition of C. Thus no information about C'is lost by extracting its objects,
arrows, identities, and composition and rebuilding it as a concrete category. We note,
however, that we do not assume that the composition function given as parameter to the
concrete category construction is “extensional”, so in general it will contain incidental
information about composition of non-composable arrows, and this information is not
preserved by the concrete category construction.

theory ConcreteCategory
imports Category
begin

locale concrete-category =
fixes Obj :: o set
and Hom :: ‘o = ‘o = 'a set
and Id :: 'o = 'a
and Comp :: 'o = o= o= 'a = 'a ='a
assumes [Id-in-Hom: A € Obj = Id A € Hom A A
and Comp-in-Hom: [ A € Obj; B € Obj; C € Obj; f € Hom A B; g € Hom B C']
= Comp CBAgfe€ HmAC
and Comp-Hom-Id: | A € Obj; B € Obj; f € Hom A B] = Comp BA A f (Id A) =
and Comp-Id-Hom: [ A € Obj; B € Obj; f € Hom A B] = Comp B B A (Id B) f
and Comp-assoc: [ A € Obj; B € Obj; C € Obj; D € Oby;
f € Hom A B; g € Hom B C; h € Hom CD | =

f
f
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Comp D C A h (Comp CBAgf)= CompDBA (CompDCBhyg)f
begin

datatype (‘oo, ‘aa) arr =
Null
| MkArr ‘oo 'oo 'aa

abbreviation Mklde :: ‘o = ('o, 'a) arr
where Mklde A = MkArr A A (Id A)

fun Dom :: (‘o, 'a) arr = 'o
where Dom (MkArr A --) = A
| Dom - = undefined

fun Cod
where Cod (MkArr - B -) = B
| Cod - = undefined

fun Map
where Map (MkArr - - F) = F
| Map - = undefined

abbreviation Arr
where Arr f = f # Null A Dom f € Obj A Cod f € Obj A Map f € Hom (Dom f) (Cod f)

abbreviation Ide
where Ide a = a # Null A Dom a € Obj A Cod a = Dom a N Map a = Id (Dom a)

definition COMP :: (‘o, 'a) arr comp

where COMP g f = if Arr f AN Arr g A Dom g = Cod f then
MEArr (Dom f) (Cod g) (Comp (Cod g) (Dom g) (Dom f) (Map g) (Map f))
else

Null

interpretation partial-composition COMP

(proof)

lemma null-char:
shows null = Null

{proof)

lemma ide-charcc:
shows ide f «— Ide f

{proof)

lemma ide-MkIde [simp]:
assumes A € Obj
shows ide (MkIde A)
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(proof)

lemma in-domains-char:
shows a € domains f «+— Arr f A a = Mklde (Dom f)

(proof )

lemma in-codomains-char:
shows b € codomains f <— Arr f A b = Mklde (Cod f)

{proof)

lemma arr-char:
shows arr f <— Arr f

(proof)

lemma arrlcc:
assumes f # Null and Dom f € Obj Cod f € Obj Map f € Hom (Dom f) (Cod f)

shows arr f
(proof)

lemma arrE:

assumes arr f

and [ f # Null; Dom f € Obj; Cod f € Obj; Map f € Hom (Dom f) (Cod )] = T
shows T

(proof)

lemma arr-MkArr [simp):
assumes A € Obj and B € Obj and f € Hom A B
shows arr (MkArr A B f)

(proof)

lemma MEkArr-Map:
assumes arr f
shows MkArr (Dom f) (Cod f) (Map f) = f

(proof)

lemma Arr-comp:
assumes arr f and arr g and Dom g = Cod f
shows Arr (COMP g f)

(proof)

lemma Dom-comp [simp]:
assumes arr f and arr g and Dom g = Cod f
shows Dom (COMP g f) = Dom f

(proof)

lemma Cod-comp [simp]:
assumes arr f and arr g and Dom g = Cod f
shows Cod (COMP g f) = Cod g

(proof)
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lemma Map-comyp [simp]:
assumes arr f and arr g and Dom g = Cod f
shows Map (COMP g f) = Comp (Cod g) (Dom g) (Dom f) (Map g) (Map f)

(proof)

lemma seq-char:
shows seq g f «— arr f A arr g A Dom g = Cod f

{proof)

interpretation category COMP
(proof)

proposition is-category:
shows category COMP
(proof )

Functions Dom, Cod, and Map establish a correspondence between the arrows of the
constructed category and the elements of the originally given parameters Obj and Hom.

lemma Dom-in-0Obj:

assumes arr f

shows Dom f € Obj

(proof)

lemma Cod-in-Obj:
assumes arr f
shows Cod f € Obj

(proof)

lemma Map-in-Hom:
assumes arr f
shows Map f € Hom (Dom f) (Cod f)

(proof)

lemma MkArr-in-hom [intro]:
assumes A € Obj and B € Obj and f € Hom A B and a = Mklde A and b = Mklde B
shows in-hom (MkArr A B f) a b

(proof)

The next few results show that domains, codomains, and composition in the con-
structed category are as expected according to the just-given correspondence.

lemma dom-char:

shows dom f = (if arr f then Mklde (Dom f) else null)
{proof)

lemma cod-char:
shows cod f = (if arr f then MkIde (Cod f) else null)

(proof)
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lemma comp-char:
shows COMP g f = (if seq g f then
MkArr (Dom f) (Cod g) (Comp (Cod g) (Dom g) (Dom f) (Map g) (Map f))
else
null)

(proof)

lemma in-hom-char:
shows in-hom fa b +— arr f A ide a N\ ide b AN Dom f = Dom a A Cod f = Dom b

(proof )

lemma Dom-dom [simp]:
assumes arr f
shows Dom (dom f) = Dom f

(proof)

lemma Cod-dom [simp]:
assumes arr f
shows Cod (dom f) = Dom f

{proof)

lemma Dom-cod [simp]:
assumes arr f
shows Dom (cod f) = Cod f

{proof)

lemma Cod-cod [simp]:
assumes arr f
shows Cod (cod f) = Cod f

{proof)

lemma Map-dom [simp]:
assumes arr f
shows Map (dom f) = Id (Dom f)

(proof)

lemma Map-cod [simp]:
assumes arr f
shows Map (cod f) = Id (Cod f)

(proof)

lemma Map-ide:
assumes ide a
shows Map a = Id (Dom a) and Map a = Id (Cod a)

(proof)

lemma MkIde-Dom:
assumes arr a
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shows Mklde (Dom a) = dom a
(proof)

lemma MklIde-Cod:
assumes arr a
shows MkIde (Cod a) = cod a

(proof)

lemma MkIde-Dom’ [simp]:
assumes ide a
shows MkIde (Dom a) = a

(proof)

lemma MkIde-Cod’ [simp]:
assumes ide a

shows Mklde (Cod a) = a
(proof)

lemma dom-MkArr [simp):
assumes arr (MkArr A B F)
shows dom (MkArr A B F) = MkIde A

(proof)

lemma cod-MkArr [simp]:
assumes arr (MkArr A B F)
shows cod (MkArr A B F) = Mklde B

(proof)

lemma comp-MkArr [simp]:
assumes arr (MkArr A B F) and arr (MkArr B C G)
shows COMP (MkArr B C G) (MkArr A B F) = MkArr A C (Comp C B A G F)

(proof)

The set Obj of “objects” given as a parameter is in bijective correspondence (via
function MklIde) with the set of identities of the resulting category.

proposition bij-betw-ide- Obj:

shows Mklde € Obj — Collect ide

and Dom € Collect ide — Obj

and A € Obj = Dom (Mklde A) = A

and a € Collect ide = MkIde (Dom a) = a

and bij-betw Dom (Collect ide) Obj

{proof)

For each pair of identities a and b, the set Hom (Dom a) (Dom b) is in bijective
correspondence (via function MkArr (Dom a) (Dom b)) with the “hom-set” hom a b of
the resulting category.

proposition bij-betw-hom-Hom:

assumes ide a and ide b

shows Map € hom a b — Hom (Dom a) (Dom b)
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and MkArr (Dom a) (Dom b) € Hom (Dom a) (Dom b) — hom a b

and Af. f € hom a b = MkArr (Dom a) (Dom b) (Map f) = f

and AF. F € Hom (Dom a) (Dom b) = Map (MkArr (Dom a) (Dom b) F) = F
and bij-betw Map (hom a b) (Hom (Dom a) (Dom b))

(proof )

lemma arr-eql:
assumes arr ¢t and arr t’ and Dom t = Dom t’ and Cod t = Cod t' and Map t = Map t’
shows ¢ = ¢’

(proof)

end

sublocale concrete-category C category COMP

(proof)

end
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Chapter 4

FreeCategory

theory FreeCategory
imports Category ConcreteCategory
begin

This theory defines locales for constructing the free category generated by a graph, as
well as some special cases, including the discrete category generated by a set of objects,
the “quiver” generated by a set of arrows, and a “parallel pair” of arrows, which is the
diagram shape required for equalizers. Other diagram shapes can be constructed in a
similar fashion.

4.1 Graphs

The following locale gives a definition of graphs in a traditional style.

locale graph =

fixes Obj :: 'obj set

and Arr :: 'arr set

and Dom :: ‘arr = 'obj

and Cod :: 'arr = 'obj

assumes dom-is-obj: x € Arr = Dom x € Obj
and cod-is-obj: © € Arr = Cod = € Obj
begin

The list of arrows p forms a path from object = to object y if the domains and
codomains of the arrows match up in the expected way.

definition path

where pathzyp=(p=[] Az =y Az € Obj)V
(p#[] AN x= Dom (hd p) Ay = Cod (last p) A
(Vn.n >0 An <lengthp — nthpn € Arr) A
(Vn.n >0 A n< (length p)—1 — Cod (nth p n) = Dom (nth p (n+1))))

lemma path-Obj:
assumes z € Obj
shows path z z ||
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(proof)

lemma path-single-Arr:
assumes z € Arr
shows path (Dom z) (Cod ) [z]

(proof)

lemma path-concat:
assumes path x y p and path y z q
shows path z z (p @ q)

{proof)

end

4.2 Free Categories

The free category generated by a graph has as its arrows all triples MkArr x y p, where
z and y are objects and p is a path from z to y. We construct it here an instance of the
general construction given by the concrete-category locale.

locale free-category =
G: graph Obj Arr D C

for Obj :: 'obj set

and Arr :: arr set

and D :: ‘arr = 'obj

and C : ‘arr = 'obj

begin

type-synonym (‘o, 'a) arr = (o, 'a list) concrete-category.arr

sublocale concrete-category <Obj :: 'obj sety <Az y. Collect (G.path x y)»
AP A---gf. fQ@g

(proof)
abbreviation comp (infixr <> 55)
where comp = COMP
notation in-hom  (<«-: - — -»)

abbreviation Path
where Path = Map

lemma arr-single [simp]:

assumes z € Arr
shows arr (MkArr (D z) (C z) [z])

(proof)

end
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4.3 Discrete Categories

A discrete category is a category in which every arrow is an identity. We could construct
it as the free category generated by a graph with no arrows, but it is simpler just to
apply the concrete-category construction directly.

locale discrete-category =
fixes Obj :: 'obj set
begin

type-synonym ‘o arr = (‘o, unit) concrete-category.arr

sublocale concrete-category <Obj :: 'obj sety <Az y. if x = y then {z} else {}

AL T (A= -T - - D

(proof)
abbreviation comp (infixr «» 55)
where comp = COMP
notation in-hom (<4-: - = -m)

lemma is-discrete:
shows arr f +— ide f

(proof)

lemma arr-char:
shows arr f <— Dom f € Obj A f = MkIde (Dom f)

{proof)

lemma arr-char'”:
shows arr f «— f € Mklde ¢ Obj

(proof)

lemma dom-char:
shows dom f = (if arr f then f else null)
(proof)

lemma cod-char:
shows cod f = (if arr f then f else null)

(proof)

lemma in-hom-char:
shows «f :a > by «— arrfANf=aANf=D

(proof)

lemma seq-char:
shows seq g f «— arrfANf =g

(proof)

lemma comp-char:
shows g - f = (if seq g f then [ else null)
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{proof)

end

The empty category is the discrete category generated by an empty set of objects.

locale empty-category =
discrete-category {} :: unit set
begin

lemma is-empty:
shows —arr f

(proof)

end

4.4 Quivers

A quiver is a two-object category whose non-identity arrows all point in the same direc-
tion. A quiver is specified by giving the set of these non-identity arrows.

locale quiver =
fixes Arr :: ‘arr set
begin

type-synonym ‘a arr = (unit, 'a) concrete-category.arr

sublocale free-category {False, True} Arr A-. False A-. True

(proof)
notation comp (infixr <> 55)
notation in-hom (<= == -m)

definition Zero
where Zero = MkIde False

definition One
where One = Mklde True

definition fromArr
where fromArr x = if x € Arr then MkArr False True [z] else null

definition toArr
where toArr f = hd (Path f)

lemma ide-char:

shows ide f +— f = Zero V f = One

(proof)

lemma arr-char':
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shows arr f +— f =
MkIde False vV f = Mklde True V f € (Ax. MkArr False True [z]) © Arr

{proof)

lemma arr-char:
shows arr f «— f = ZeroV f = One V f € fromArr ¢ Arr
(proof )

lemma dom-char:
shows dom f = (if arr f then
if f = One then One else Zero
else null)

{proof)

lemma cod-char:
shows cod f = (if arr f then
if f = Zero then Zero else One
else null)

{proof)

lemma seq-char:
shows seq g f «+— arr g N arr f AN ((f = Zero A g # One) V (f # Zero A g = One))
(proof)

lemma not-ide-fromArr:
shows - ide (fromArr x)

(proof)

lemma in-hom-char:
shows «f : a = by «— (a = Zero A b = Zero A\ f = Zero) V
(a = One A b= One A f = One) V
(a = Zero AN b = One A f € fromArr < Arr)
(proof)

lemma Zero-not-eq-One [simp):
shows Zero # One
(proof)

lemma Zero-not-eq-fromArr [simpl:
shows Zero ¢ fromArr ¢ Arr

{proof)

lemma One-not-eq-fromArr [simp]:
shows One ¢ fromArr ¢ Arr
(proof)

lemma comp-char:

shows g - f = (if seq g f then
if f = Zero then g else if g = One then f else null
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else null)

{proof)

lemma comp-simp [simp]:

assumes seq g f

shows f = Zero =g - f =g

and g=0One=g¢g-f=f
(proof)

lemma arr-fromArr:
assumes z € Arr
shows arr (fromArr z)

(proof)

lemma toArr-in-Arr:
assumes arr f and —ide f
shows toArr f € Arr

{proof)

lemma toArr-fromArr [simp):
assumes z € Arr
shows toArr (fromArr z) = x

(proof)

lemma fromArr-toArr [simp):
assumes arr f and —ide f
shows fromArr (toArr f) = f

(proof)

end

4.5 Parallel Pairs

A parallel pair is a quiver with two non-identity arrows. It is important in the definition
of equalizers.

locale parallel-pair =
quiver {False, True} :: bool set
begin
typedef arr = UNIV :: bool quiver.arr set (proof)

definition ;0
where j0 = fromArr False

definition j1
where jI = fromArr True

lemma arr-char:
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shows arr f «— f = ZeroV f = One V f = jO0 V f = j1
{proof )

lemma dom-char:
shows dom f = (if f = jO V f = j1 then Zero else if arr f then f else null)

(proof)

lemma cod-char:
shows cod f = (if f = jO V [ = jI then One else if arr f then f else null)

(proof)

lemma j0-not-eq-j1 [simp]:
shows j0 # j1
(proof )

lemma Zero-not-eq-j0 [simp]:
shows Zero # j0
(proof )

lemma Zero-not-eq-j1 [simp]:
shows Zero # jl1
(proof )

lemma One-not-eq-j0 [simp]:
shows One # j0
(proof )

lemma One-not-eq-j1 [simp]:
shows One # j1
(proof )

lemma dom-simp [simp]:
shows dom Zero = Zero
and dom One = One
and dom jO = Zero

and dom j1 = Zero

(proof)

lemma cod-simp [simpl:
shows cod Zero = Zero
and cod One = One
and cod j0 = One

and cod j1 = One

(proof )
end

end
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Chapter 5

DiscreteCategory

theory DiscreteCategory
imports Category
begin

The locale defined here permits us to construct a discrete category having a specified
set of objects, assuming that the set does not exhaust the elements of its type. In that
case, we have the convenient situation that the arrows of the category can be directly
identified with the elements of the given set, rather than having to pass between the
two via tedious coercion maps. If it cannot be guaranteed that the given set is not the
universal set at its type, then the more general discrete category construction defined
(using coercions) in FreeCategory can be used.

locale discrete-category =
fixes Obj :: 'a set

and Null :: 'a
assumes Null-not-in-Obj: Null ¢ Obj
begin
definition comp :: 'a comp (infixr <> 55)

where y - z = (if ¢ € Obj A z = y then z else Null)

interpretation partial-composition comp

(proof)

lemma null-char:
shows null = Null

{proof)

lemma ide-char [iff]:
shows ide f «— f € Obj
{proof )

lemma domains-char:
shows domains f = {z. z € Obj A z = [}

(proof)
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theorem is-category:
shows category comp

{proof)

end

sublocale discrete-category C category comp

{proof)

context discrete-category
begin

lemma arr-char [iff]:
shows arr f «— f € Obj

(proof)

lemma dom-char [simpl:
shows dom f = (if f € Obj then f else null)

{proof)

lemma cod-char [simp):
shows cod f = (if f € Obj then f else null)

(proof)

lemma comp-char [simp]:
shows comp g f = (if f € Obj A f = g then [ else null)
{proof )

lemma is-discrete:
shows ide = arr

(proof)

lemma seg-char [iff]:
shows seq fg+— idef N f =g
{proof)

end

end
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Chapter 6

EpiMonolso

theory EpiMonolso
imports Category
begin
This theory defines and develops properties of epimorphisms, monomorphisms, iso-
morphisms, sections, and retractions.

context category
begin

definition epi
where epi f = (arr f A inj-on (Ag. g - f) {g. seq g f})

definition mono
where mono f = (arr f A inj-on (Ag. f - g) {g. seq f g})

lemma epil [intro]:
assumes arr f and \g g' [seq g fiseqg' fig-f=9" - fl=9=¢
shows epi f

(proof)

lemma epi-implies-arr:
assumes epi f
shows arr f

(proof)

lemma epi-cancel:

assumes epi f

and seqgfand g - f =g f
shows g = ¢’

(proof)

lemma monol [intro:
assumes arr gand Aff'. [seqgf;9-f=9g-f1= f=f
shows mono g

(proof)
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lemma mono-implies-arr:
assumes mono f
shows arr f

(proof)

lemma mono-cancel:
assumes mono g
and seqgfand g-f =g - f’
shows f' = f

(proof)

definition inverse-arrows
where inverse-arrows f g = ide (g - f) A ide (f - g)

lemma inverse-arrowsI [intro]:
assumes ide (g - f) and ide (f - g)
shows inverse-arrows f g

(proof)

lemma inverse-arrowsE [elim]:
assumes inverse-arrows f g
and [ ide (g - f);ide (f-9)] =T
shows T

(proof)

lemma inverse-arrows-sym:
shows inverse-arrows f g <— inverse-arrows g f

(proof)

lemma ide-self-inverse:
assumes ide a
shows inverse-arrows a a

(proof)

lemma inverse-arrow-unique:
assumes inverse-arrows [ g and inverse-arrows f g’
shows g = ¢’

(proof)

lemma inverse-arrows-compose:
assumes seq g f and inverse-arrows f f' and inverse-arrows g g’
shows inverse-arrows (g - f) (f'- ¢')

(proof)

definition section
where section f = 3g. ide (g - f)

lemma sectionl [intro]:
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assumes ide (g - f)
shows section f

(proof)

lemma sectionE [elim]:
assumes section f
obtains g where ide (g - f)

(proof)

definition retraction
where retraction g = 3f. ide (g - f)

lemma retractionl [intro]:
assumes ide (g - f)
shows retraction g

(proof)

lemma retractionE [elim]:
assumes retraction g
obtains f where ide (g - f)

(proof)

lemma section-is-mono:
assumes section g
shows mono g

(proof )

lemma retraction-is-epi:
assumes retraction g
shows epi g

(proof )

lemma section-retraction-compose:
assumes ide (e - m) and ide (e’ - m’) and seq m' m
shows ide ((e - ) - (m' - m))

(proof)

lemma sections-compose [intro]:
assumes section m and section m’ and seq m’ m
shows section (m'- m)

(proof)

lemma retractions-compose [intro]:
assumes retraction e and retraction ¢’ and seq e’ e
shows retraction (e’ - e)

{proof)

lemma monos-compose [introl:
assumes mono m and mono m’ and seq m’ m
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shows mono (m’ - m)
{proof)

lemma epis-compose [intro):

assumes epi ¢ and epi ¢/ and seq e’ e
shows epi (e’ - e)

{proof )

definition iso
where iso f = Jg. inverse-arrows f g

lemma isol [intro]:
assumes inverse-arrows f g
shows iso f

(proof)

lemma isoF [elim]:
assumes iso f
obtains g where inverse-arrows f g

(proof)

lemma ide-is-iso [simp]:
assumes ide a
shows iso a

(proof)

lemma iso-is-arr:
assumes iso f
shows arr f

(proof)

lemma iso-is-section:
assumes iso f
shows section f

(proof)

lemma iso-is-retraction:
assumes iso f
shows retraction f

(proof)

lemma iso-iff-mono-and-retraction:
shows iso f «— mono f A retraction f

{proof)

lemma iso-iff-section-and-epi:
shows iso f «— section f N epi f

(proof )
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lemma iso-iff-section-and-retraction:
shows iso f +— section f A retraction f

(proof)

lemma isos-compose [intro]:

assumes iso [ and iso f’ and seq f' f
shows iso (f'- f)

(proof)

lemma iso-cancel-left:
assumes iso f and f - g = f - g’ and seq f ¢
shows g = ¢’

(proof)

lemma iso-cancel-right:
assumes iso gand f - g = f'- g and seq f g and iso g
shows [ = f'

(proof)

definition isomorphic
where isomorphic a o’ = (3f. «f : a = a’» A iso f)

lemma isomorphicl [intro]:
assumes iso f
shows isomorphic (dom f) (cod f)

(proof)

lemma isomorphicE [elim]:
assumes isomorphic a a’
obtains f where «f : a — a’» A iso f

(proof )
definition iso-in-hom (<«-: - = -»))
where iso-in-hom fa b= «f : a — b» A iso f

lemma iso-in-homl [intro]:
assumes «f : a — b» and iso f
shows «f : a = b»

(proof)

lemma iso-in-homE [elim]:
assumes «f : a = b»
and [«f :a = by;iso f] = T
shows T

(proof)

lemma isomorphicl .

assumes «f : a = by
shows isomorphic a b
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(proof)

lemma ide-iso-in-hom:
assumes ide a
shows «a : a = a»

(proof)

lemma comp-iso-in-hom [introl:
assumes «f : a = by and «g : b = c»
shows «g - f : a = c»

(proof)

definition inv
where inv f = (SOME g. inverse-arrows f g)

lemma inv-is-inverse:
assumes iso f
shows inverse-arrows f (inv f)

(proof)

lemma iso-inv-iso [intro, simp]:
assumes iso f
shows iso (inv f)

{proof )

lemma inverse-unique:
assumes inverse-arrows f g
shows inv f = ¢

(proof )

lemma inv-ide [simp]:
assumes ide a
shows inv a = a

(proof)

lemma inv-inv [simp):

assumes iso f

shows inv (inv f) = f
{proof )

lemma comp-arr-inv:

assumes inverse-arrows f g

shows f - g = dom g
(proof)

lemma comp-inv-arr:

assumes inverse-arrows f g

shows ¢ - f = dom f
(proof)
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lemma comp-arr-inv’”:

assumes iso f

shows f - inv f = cod f
(proof )

lemma comp-inv-arr’:
assumes iso f
shows inv f - f = dom f

(proof)

lemma inv-in-hom [simpl:
assumes iso f and «f : a — b»
shows «inv f : b — a»

(proof)

lemma arr-inv [simp]:
assumes iso f
shows arr (inv f)

{proof)

lemma dom-inv [simp]:
assumes iso f
shows dom (inv f) = cod f

{proof)

lemma cod-inv [simp]:
assumes iso f
shows cod (inv f) = dom f

{proof)

lemma inv-comp:
assumes iso f and iso g and seq g f
shows inv (g - f) =inv f - inv g

(proof)

lemma isomorphic-reflexive:
assumes ide f
shows isomorphic f f

(proof)

lemma isomorphic-symmetric:
assumes isomorphic f g
shows isomorphic g f

(proof)
lemma isomorphic-transitive [trans]:

assumes isomorphic f g and isomorphic g h
shows isomorphic f h
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(proof )
A section or retraction of an isomorphism is in fact an inverse.

lemma section-retraction-of-iso:
assumes iso f

shows ide (g - f) = inverse-arrows f g
and ide (f - g) = inverse-arrows f g

(proof )

A situation that occurs frequently is that we have a commuting triangle, but we need
the triangle obtained by inverting one side that is an isomorphism. The following fact
streamlines this derivation.

lemma invert-side-of-triangle:

assumes arrhand f - g =h

shows iso f = seq (inv f) hAg=invf-h

and iso g = seq h (invg) ANf=h-invg

(proof)

A similar situation is where we have a commuting square and we want to invert two
opposite sides.

lemma invert-opposite-sides-of-square:

assumes seq fgand f - g =h - k

shows [ iso f; iso k | = seq g (inv k) A seq (inv f) h A g-invk =invf - h

(proof )

The following versions of inv-comp provide information needed for repeated applica-

tion to a composition of more than two arrows and seem often to be more useful.

lemma inv-comp-left:

assumes iso (g - f) and iso g

shows inv (g - f) = inv f - inv g and iso f
(proof )

lemma inv-comp-right:

assumes iso (g - ) and iso f

shows inv (g - f) = inv f - inv g and iso ¢

{proof)

end

end
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Chapter 7

DualCategory

theory DualCategory
imports EpiMonolso
begin

The locale defined here constructs the dual (opposite) of a category. The arrows
of the dual category are directly identified with the arrows of the given category and
simplification rules are introduced that automatically eliminate notions defined for the
dual category in favor of the corresponding notions on the original category. This makes
it easy to use the dual of a category in the same context as the category itself, without
having to worry about whether an arrow belongs to the category or its dual.

locale dual-category =

C: category C
for C :: 'a comp  (infixr <> 55)
begin

definition comp (infixr <-°P) 55)
where g P f=f-¢g

lemma comp-char [simp]:
shows g P f=f-g¢g

(proof)

interpretation partial-composition comp
(proof )

notation in-hom (<«-: - < -»»)

lemma null-char [simpl:
shows null = C.null

(proof)

lemma ide-char [simp]:
shows ide a «— C.ide a

(proof)

46



lemma domains-char:
shows domains f = C.codomains f

{proof)

lemma codomains-char:
shows codomains f = C.domains f

{proof)

interpretation category comp

(proof)

lemma is-category:
shows category comp (proof)

end

sublocale dual-category C category comp

{proof)

context dual-category
begin

lemma dom-char [simp]:
shows dom f = C.cod f

(proof)

lemma cod-char [simp):

shows cod f = C.dom f
(proof )

lemma arr-char [simp]:
shows arr f <— C.arr f

(proof)

lemma hom-char [simp]:
shows in-hom f b a +— C.in-hom fa b

(proof)

lemma seg-char [simp]:
shows seq g f = C.seq f g
(proof)

lemma iso-char [simp]:
shows iso f +— C.iso f

{proof)

end



end
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Chapter 8

InitialTerminal

theory InitialTerminal
imports EpiMonolso
begin

This theory defines the notions of initial and terminal object in a category and estab-

lishes some properties of these notions, including that when they exist they are unique
up to isomorphism.

context category
begin

definition initial
where initial a = ide a A (Vb. ide b — (3!f. «f 1 a — b»))

definition terminal
where terminal b = ide b A (Va. ide a — (3If. «f : a — b»))

abbreviation initial-arr
where nitial-arr f = arr f A initial (dom f)

abbreviation terminal-arr
where terminal-arr f = arr f A terminal (cod f)

abbreviation point
where point f = arr f A terminal (dom f)

lemma initial-arr-unique:
assumes par f f’ and initial-arr f and initial-arr [’
shows [ = f'

(proof)

lemma ingtiall [intro]:
assumes ide a and A\b. ide b = JIf. «f : a — b»
shows initial a

{proof)

49



lemma initialE [elim):
assumes initial ¢ and ide b
obtains f where «f : a — by and A\f’. «f':a = by = f'=f

(proof)

lemma terminal-arr-unique:
assumes par f f' and terminal-arr f and terminal-arr f’
shows [ = f'

(proof )

lemma terminall [introl:
assumes ide b and Aa. ide a = 3JIf. «f : a — b»
shows terminal b

(proof)

lemma terminalE [elim):
assumes terminal b and ide a
obtains f where «f : a = by and A\f’. «f':a = by = f'=f

{proof)

lemma terminal-objs-isomorphic:
assumes terminal a and terminal b
shows isomorphic a b

{proof)

lemma isomorphic-to-terminal-is-terminal:
assumes terminal a and isomorphic a a’
shows terminal a’

{proof)

lemma initial-objs-isomorphic:
assumes initial ¢ and initial b
shows isomorphic a b

{proof)

lemma isomorphic-to-initial-is-initial:
assumes initial a and isomorphic a a’
shows initial a’

(proof )
lemma point-is-mono:

assumes point f
shows mono f

(proof)
end

end
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Chapter 9

Functor

theory Functor
imports Category ConcreteCategory DualCategory Initial Terminal
begin

One advantage of the “object-free” definition of category is that a functor from cat-
egory A to category B is simply a function from the type of arrows of A to the type of
arrows of B that satisfies certain conditions: namely, that arrows are mapped to arrows,
non-arrows are mapped to null, and domains, codomains, and composition of arrows are
preserved.

locale functor =
A: category A +
B: category B
for A :: 'a comp (infixr <-4 55)
and B :: 'b comp (infixr <-p> 55)
and F :: 'a = b +
assumes extensionality: ~A.arr f = F f = B.null
and preserves-arr: A.arr f => B.arr (F f)
and preserves-dom [iff]: A.arr f = B.dom (F f) = F (A.dom f)
and preserves-cod [iff]: A.arr f = B.cod (F f) = F (A.cod f)
and preserves-comp [iff]: A.seqgf = F (9-af)=Fg-p Ff

begin
notation A.in-hom  (<«-:-—4 -»)
notation B.in-hom  (<«-: - —p -»)

lemma preserves-hom [intro]:
assumes «f : a —4 b»
shows «F f: Fa—p F b»

{proof)

The following, which is made possible through the presence of null, allows us to infer
that the subterm f denotes an arrow if the term F f denotes an arrow. This is very
useful, because otherwise doing anything with f would require a separate proof that it is
an arrow by some other means.
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lemma preserves-reflects-arr [iff]:

shows B.arr (F f) «— A.arr f
(proof)

lemma preserves-seq [intro):
assumes A.seq g f
shows B.seq (F g) (F f)

{proof)

lemma preserves-ide [simp:
assumes A.ide a
shows B.ide (F a)

(proof)

lemma preserves-iso [simp):
assumes A.iso f
shows B.iso (F f)

(proof)

lemma preserves-isomorphic:
assumes A.isomorphic a b
shows B.isomorphic (F a) (F b)

(proof)

lemma preserves-section-retraction:
assumes A.ide (4 e m)
shows B.ide (B (F ¢) (F m))

(proof)

lemma preserves-section:
assumes A.section m
shows B.section (F m)

(proof)

lemma preserves-retraction:
assumes A.retraction e
shows B.retraction (F e)

(proof)

lemma preserves-inverse-arrows:
assumes A.inverse-arrows f g
shows B.inverse-arrows (F f) (F g)

(proof)

lemma preserves-inv:

assumes A.iso f

shows F (A.inv f) = B.inv (F f)
(proof )
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lemma preserves-iso-in-hom [intro]:

assumes A.iso-in-hom fa b

shows B.iso-in-hom (F f) (F' a) (F b)
{proof)

end

locale endofunctor =

functor A A F
for A :: 'a comp  (infixr <> 55)
and F :: 'a = "a

locale faithful-functor = functor A B F

for A :: 'a comp

and B :: 'b comp

and F :: 'a = b +

assumes is-faithful: [ Apar ff, Ff=Ff' ]| = f=1/f
begin

lemma locally-reflects-ide:
assumes «f : ¢ —4 a» and B.ide (F f)
shows A.ide f

(proof)

end

locale full-functor = functor A B F

for A :: 'a comp

and B :: 'b comp

and F :: 'a = 'b +

assumes is-full: | A.ide a; Avide o’y «g: Fa'—-p Fay ] = 3f. «f 10’24 av NFf=yg

locale fully-faithful-functor =
faithful-functor A B F +
full-functor A B F

for A :: 'a comp

and B :: 'b comp

and F :: ‘a = b

begin

lemma refiects-iso:
assumes «f : ¢’ —4 a» and B.iso (F f)
shows A.iso f

{proof)

lemma reflects-isomorphic:
assumes A.ide f and A.ide f' and B.isomorphic (F f) (F f’)
shows A.isomorphic f f'

(proof)
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end

locale embedding-functor = functor A B F

for A :: 'a comp

and B :: 'b comp

and F :: 'a = b +

assumes is-embedding: [ A.arr f; Aarr f, Ff=Ff' ] = f=f'

sublocale embedding-functor C faithful-functor

{proof)

context embedding-functor
begin

lemma refiects-ide:
assumes B.ide (F f)
shows A.ide f

(proof)

end

locale full-embedding-functor =
embedding-functor A B F +
full-functor A B F

for A :: 'a comp

and B :: 'b comp

and F :: ‘a = b

locale essentially-surjective-functor = functor +
assumes essentially-surjective: \b. B.ide b = Ja. A.ide a N B.isomorphic (F a) b

locale constant-functor =
A: category A +
B: category B

for A :: 'a comp

and B :: 'b comp

and b :: 'b +
assumes value-is-ide: B.ide b
begin

definition map
where map f = (if A.arr f then b else B.null)

lemma map-simp [simp]:
assumes A.arr f
shows map f = b

(proof)
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lemma is-functor:
shows functor A B map

(proof)

end

sublocale constant-functor C functor A B map

{proof)

locale identity-functor =
C': category C
for C :: 'a comp
begin

definition map :: 'a = a
where map f = (if C.arr f then f else C.null)

lemma map-simp [simp]:
assumes C.arr f
shows map f = f

(proof)

sublocale functor C' C map

(proof)

lemma is-functor:
shows functor C' C map

(proof)

sublocale fully-faithful-functor C' C map
(proof )

lemma is-fully-faithful:
shows fully-faithful-functor C C map
(proof)

end

It is convenient to have an easy way to obtain from a category the identity functor
on that category. The following declaration causes the definitions and facts from the
identity-functor locale to be inherited by the category locale, including the function map
on arrows that represents the identity functor. This makes it generally unnecessary to
give explicit interpretations of identity-functor.

sublocale category C identity-functor C (proof)

Composition of functors coincides with function composition, thanks to the magic of
null.

lemma functor-comp:
assumes functor A B F and functor B C G
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shows functor A C (G o F)
(proof)

locale composite-functor =
F: functor A B F +
G: functor B C G

for A :: 'a comp

and B :: 'b comp

and C :: 'c comp

and F :: 'a = b

and G :: b = 'c

begin

abbreviation map
where map = G o F

sublocale functor A C <G o F»
(proof )

lemma is-functor:

shows functor A C (G o F)
(proof)

end

lemma comp-functor-identity [simp]:
assumes functor A B F
shows F' o identity-functor.map A = F

(proof)

lemma comp-identity-functor [simp]:
assumes functor A B F
shows identity-functor.map B o F = F

(proof)

lemma faithful-functors-compose:
assumes faithful-functor A B F and faithful-functor B C G
shows faithful-functor A C (G o F)

(proof)

lemma full-functors-compose:
assumes full-functor A B F and full-functor B C G
shows full-functor A C (G o F)

(proof)

lemma fully-faithful-functors-compose:
assumes fully-faithful-functor A B F and fully-faithful-functor B C G
shows full-functor A C (G o F)

(proof)
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lemma embedding-functors-compose:
assumes embedding-functor A B I' and embedding-functor B C G
shows embedding-functor A C (G o F)

(proof)

lemma full-embedding-functors-compose:
assumes full-embedding-functor A B F and full-embedding-functor B C G
shows full-embedding-functor A C (G o F)

(proof)

lemma essentially-surjective-functors-compose:
assumes essentially-surjective-functor A B I and essentially-surjective-functor B C G
shows essentially-surjective-functor A C (G o F)

(proof)

locale inverse-functors =

A: category A +

B: category B +

F: functor BA F +

G: functor A B G
for A :: 'a comp (infixr < 4> 59)
and B :: 'b comp (infixr «p) 55)
and F : b= "a
and G :: 'a = b +
assumes nv: G o F = identity-functor.map B
and inv”: F o G = identity-functor.map A
begin

lemma bij-betw-arr-sets:
shows bij-betw F (Collect B.arr) (Collect A.arr)

(proof)

end

locale isomorphic-categories =
A: category A +
B: category B
for A :: 'a comp (infixr < 4> 55)
and B :: 'b comp (infixr <-p> 55) +
assumes iso: 3 F G. inverse-functors A B F G

sublocale inverse-functors C isomorphic-categories A B

{proof)

lemma inverse-functors-sym:
assumes inverse-functors A B F G
shows inverse-functors B A G F

(proof)
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Inverse functors uniquely determine each other.

lemma inverse-functor-unique:
assumes inverse-functors C D F G and inverse-functors C D F G’
shows G = G’

(proof)

lemma inverse-functor-unique’:
assumes inverse-functors C D F G and inverse-functors C D F' G
shows F' = F’'

(proof )

locale invertible-functor =
A: category A +
B: category B +
G: functor A B G
for A :: 'a comp (infixr < 4> 59)
and B :: 'b comp (infixr <p> 55)
and G :: 'a = b +
assumes invertible: 3 F. inverse-functors A B F G
begin

lemma has-unique-inverse:
shows 3!F. inverse-functors A B F G

(proof)

definition inv
where inv = THE F. inverse-functors A B F G

interpretation inverse-functors A B inv G

{proof)

lemma inv-is-inverse:
shows inverse-functors A B inv G {proof)

sublocale inverse-functors A B inv G

(proof)

lemma is-surjective-on-objects:
shows G ¢ Collect A.ide O Collect B.ide
(proof)

sublocale fully-faithful-functor A B G
(proof )

lemma is-fully-faithful:
shows fully-faithful-functor A B G
(proof )

lemma preserves-terminal:
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assumes A.terminal a
shows B.terminal (G a)

{proof)

end

context full-embedding-functor
begin

lemma is-invertible-if-surjective-on-objects:

assumes F ¢ Collect A.ide O Collect B.ide

shows invertible-functor A B F

and inverse-functors A B (Ay. if B.arr y then inv-into (Collect A.arr) F y else A.null) F

{proof)

end

locale dual-functor =

F: functor A B F +

Aop: dual-category A +

Bop: dual-category B
for A :: 'a comp (infixr < 4> 59)
and B :: 'b comp (infixr «p) 55)
and F :: 'a = 'b
begin

notation Aop.comp  (infixr ¢ 4°P) 55)
notation Bop.comp  (infixr «-5°P) 55)

abbreviation map
where map = F

lemma is-functor:
shows functor Aop.comp Bop.comp map

(proof)
end

sublocale dual-functor C functor Aop.comp Bop.comp map

{proof)

A bijection from a set S to the set of arrows of a category C induces an isomorphic
copy of C having S as its set of arrows, assuming that there exists some n ¢ S to serve
as the null.

context category
begin

lemma bij-induces-invertible-functor:
assumes bij-betw ¢ S (Collect arr) and n ¢ S
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shows 3 C’. Collect (partial-composition.arr C') = S A
invertible-functor C' C' (\i. if partial-composition.arr C' i then ¢ i else null)

{proof)

corollary (in category) finite-imp-ex-iso-nat-comp:
assumes finite (Collect arr)
shows 3 C’ :: nat comp. isomorphic-categories C’ C

{proof)

end

We now prove the result, advertised earlier in theory ConcreteCategory, that any
category is in fact isomorphic to the concrete category formed from it in the obvious
way.

context category
begin

interpretation CC: concrete-category < Collect idey hom id <\- - - g f. g - >
(proof )

interpretation F': functor C CC.COMP
. if arr f then CC.MEArr (dom f) (cod f) f else CC.null>
{proof )

interpretation G: functor CC.COMP C «\F. if CC.arr F then CC.Map F else null
{proof)

interpretation FG: inverse-functors C CC.COMP

F. if CC.arr F then CC.Map F else null

Af. if arr f then CC.MkArr (dom f) (cod f) f else CC.nully
(proof )

theorem is-isomorphic-to-concrete-category:
shows isomorphic-categories C CC.COMP
(proof )

end

end
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Chapter 10

Subcategory

In this chapter we give a construction of the subcategory of a category defined by a
predicate on arrows subject to closure conditions. The arrows of the subcategory are
directly identified with the arrows of the ambient category. We also define the related
notions of full subcategory and inclusion functor.

theory Subcategory
imports Functor
begin

locale subcategory =

C: category C

for C :: 'a comp (infixr <> 55)

and Arr :: 'a = bool +

assumes inclusion: Arr f = C.arr f

and dom-closed: Arr f = Arr (C.dom f)

and cod-closed: Arr f = Arr (C.cod f)

and comp-closed: | Arr f; Arr g; C.cod f = C.dom g | = Arr (¢ ‘¢ f)
begin

no-notation C.in-hom  (<«-: - — -»)
notation C.in-hom (<=1 - = )
definition comp (infixr <> 55)

where g - f = (if Arr f AN Arr g A C.cod f = C.dom g then g -¢ f else C.null)

interpretation partial-composition comp

{proof)

lemma null-char [simp]:
shows null = C.null

(proof)
lemma idel gpc:

assumes Arr ¢ and C.ide a
shows ide a
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(proof)

lemma Arr-iff-dom-in-domain:
shows Arr f «— C.dom f € domains f

(proof )

lemma Arr-iff-cod-in-codomain:
shows Arr f «+— C.cod f € codomains f

{proof)

lemma arr-chargyc:
shows arr f <— Arr f

{proof)

lemma arrlsyc [intro):
assumes Arr f
shows arr f

(proof)

lemma arrE [elim]:
assumes arr f
shows Arr f

(proof)

interpretation category comp

(proof )

theorem is-category:
shows category comp (proof)

notation in-hom  (<4-: - — -»)

lemma dom-simp:
assumes arr f
shows dom f = C.dom f

{proof)

lemma dom-chargpc:
shows dom f = (if arr f then C.dom f else C.null)

(proof)

lemma cod-simp:
assumes arr f
shows cod f = C.cod f

(proof)

lemma cod-chargyc:
shows cod f = (if arr f then C.cod f else C.null)

(proof)
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lemma in-hom-chargsyc:
shows «f : a — by «— arra AN arr b N arr f A «f : a —=¢ by

{proof)

lemma ide-chargyc:
shows ide a <— arr a A C.ide a

{proof)

lemma seq-charsyc:
shows seq g f <— arr f AN arrg A C.seq g f

{proof)

lemma hom-char:
shows hom a b = C.hom a b N Collect Arr

(proof )

lemma comp-char:
shows g - f = (if arr f N arr g A C.seq g f then g -¢ f else C.null)

{proof)

lemma comp-simp:

assumes seq g f

shows g - f =g ¢ f
(proof )

lemma inclusion-preserves-inverse:
assumes inverse-arrows f g
shows C.inverse-arrows f g

{proof)

lemma iso-chargyc:
shows iso f «— C.iso f A arr f A arr (C.inv f)

(proof)

lemma inv-chargyc:

assumes iso f

shows inv f = C.inv f
(proof )

lemma inverse-arrows-chargpc:
shows inverse-arrows f g +— seq f g A C.inverse-arrows f g

(proof)

end

sublocale subcategory C category comp

(proof )
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10.1 Full Subcategory

locale full-subcategory =

C: category C

for C :: 'a comp

and Ide :: 'a = bool +

assumes inclusionpspc: Ide f = Cl.ide f
begin

sublocale subcategory C Af. C.arr f A Ide (C.dom f) A Ide (C.cod f)
(proof )

lemma is-subcategory:
shows subcategory C (Af. C.arr f A Ide (C.dom f) A Ide (C.cod f))
(proof)

lemma in-hom-chargspc:
shows «f : a = b» «— arra A arr b A «f : a —¢ b»

(proof)
Isomorphisms in a full subcategory are inherited from the ambient category.

lemma iso-charrgsyc:
shows iso f «— arr f A Cliso f

(proof)

end

10.2 Inclusion Functor

If S is a subcategory of C, then there is an inclusion functor from S to C. Inclusion
functors are faithful embeddings.

locale inclusion-functor =
C: category C +
S: subcategory C Arr
for C :: 'a comp
and Arr :: 'a = bool
begin

interpretation functor S.comp C S.map
(proof)

lemma is-functor:
shows functor S.comp C S.map (proof)

interpretation faithful-functor S.comp C' S.map
(proof)

lemma is-faithful-functor:
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shows faithful-functor S.comp C S.map {(proof)

interpretation embedding-functor S.comp C S.map

{proof)

lemma is-embedding-functor:
shows embedding-functor S.comp C S.map (proof)

end

sublocale inclusion-functor C faithful-functor S.comp C S.map

{proof)

sublocale inclusion-functor C embedding-functor S.comp C' S.map

(proof)
The inclusion of a full subcategory is a special case. Such functors are fully faithful.

locale full-inclusion-functor =
C: category C +
S: full-subcategory C Ide

for C :: 'a comp
and Ide :: 'a = bool
begin

sublocale inclusion-functor C <\f. C.arr f A Ide (C.dom f) A Ide (C.cod f)» (proof)

lemma is-inclusion-functor:

shows inclusion-functor C (Af. C.arr f A Ide (C.dom f) A Ide (C.cod f))
{proof)

interpretation full-functor S.comp C S.map

(proof)

lemma is-full-functor:
shows full-functor S.comp C S.map {(proof)

sublocale full-functor S.comp C S.map
(proof )
sublocale fully-faithful-functor S.comp C S.map (proof)

end

end
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Chapter 11

SetCategory

theory SetCategory
imports Category Functor Subcategory
begin

This theory defines a locale set-category that axiomatizes the notion “category of
‘a-sets and functions between them” in the context of HOL. A primary reason for doing
this is to make it possible to prove results (such as the Yoneda Lemma) that use such
categories without having to commit to a particular element type ‘a and without having
the results depend on the concrete details of a particular construction. The axiomati-
zation given here is categorical, in the sense that if categories S and S’ each interpret
the set-category locale, then a bijection between the sets of terminal objects of S and S’
extends to an isomorphism of S and S’ as categories.

The axiomatization is based on the following idea: if, for some type ‘a, category S is
the category of all ‘a-sets and functions between them, then the elements of type ‘a are
in bijective correspondence with the terminal objects of category S. In addition, if unity
is an arbitrarily chosen terminal object of S, then for each object a, the hom-set hom
unity a (i.e. the set of “points” or “global elements” of @) is in bijective correspondence
with a subset of the terminal objects of S. By making a specific, but arbitrary, choice of
such a correspondence, we can then associate with each object a of S a set set a that
consists of all terminal objects ¢ that correspond to some point z of a. Each arrow f then
induces a function Fun f € set (dom f) — set (cod f), defined on terminal objects of S
by passing to points of dom f, composing with f, then passing back from points of cod f
to terminal objects. Once we can associate a set with each object of § and a function
with each arrow, we can force S to be isomorphic to the category of ‘a-sets by imposing
suitable extensionality and completeness axioms.

11.1 Some Lemmas about Restriction

The development of the set-category locale makes heavy use of the theory
HOL— Library. FuncSet. However, in some cases, I found that that theory did not provide
results about restriction in the form that was most useful to me. I used the following
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additional results in various places.

lemma restr-eql:
assumes A = A'and A\z. 2 € A= Fz=F'z
shows restrict F A = restrict F' A’

(proof)

lemma restr-eqE [elim]:
assumes restrict FF A = restrict ' Aand z € A
shows Fz = F'zx

(proof)

lemma compose-eq’ [simp]:
shows compose A G F = restrict (G o F) A
(proof )

11.2 Set Categories

We first define the locale set-category-data, which sets out the basic data and definitions
for the set-category locale, without imposing any conditions other than that § is a cate-
gory and that img is a function defined on the arrow type of S. The function img should
be thought of as a mapping that takes a point € hom wunity a to a corresponding
terminal object img x. Eventually, assumptions will be introduced so that this is in fact
the case. The set of terminal objects of the category will serve as abstract “elements” of
sets; we will refer to the set of all terminal objects as the universe.

locale set-category-data = category S

for S :: s comp (infixr <> 55)

and img :: ‘s = s

begin

notation in-hom (<4-: - = -m)

Call the set of all terminal objects of S the “universe”.

abbreviation Univ :: s set
where Univ = Collect terminal

Choose an arbitrary element of the universe and call it unity.

definition unity :: 's
where unity = (SOME t. terminal t)

Each object a determines a subset set a of the universe, consisting of all those terminal
objects t such that ¢t = img = for some x € hom unity a.

definition set :: 's = 's set
where set a = img ‘ hom unity a

end
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Next, we define a locale set-category-given-img that augments the set-category-data
locale with assumptions that serve to define the notion of a set category with a chosen
correspondence between points and terminal objects. The assumptions require that the
universe be nonempty (so that the definition of unity makes sense), that the map img
is a locally injective map taking points to terminal objects, that each terminal object
t belongs to set t, that two objects of S are equal if they determine the same set, that
two parallel arrows of S are equal if they determine the same function, and that for any
objects a and b and function F' € hom unity a — hom unity b there is an arrow f € hom
a b whose action under the composition of S coincides with the function F.

The parameter setp is a predicate that determines which subsets of the universe are
to be regarded as defining objects of the category. This parameter has been introduced
because most of the characteristic properties of a category of sets and functions do not
depend on there being an object corresponding to every subset of the universe, and
we intend to consider in particular the cases in which only finite subsets or only “small”
subsets of the universe determine objects. Accordingly, we assume that there is an object
corresponding to each subset of the universe that satisfies setp. It is also necessary to
assume some basic regularity properties of the predicate setp; namely, that it holds for
all subsets of the universe corresponding to objects of S, and that it respects subset and
union.

locale set-category-given-img = set-category-data S img
for S :: 's comp (infixr <> 55)
and img :: 's = s
and setp :: 's set = bool +
assumes setp-imp-subset-Univ: setp A = A C Univ
and setp-set-ide: ide o = setp (set a)
and setp-respects-subset: A’ C A = setp A = setp A’
and setp-respects-union: [ setp A; setp B = setp (A U B)
and nonempty-Univ: Univ # {}
and inj-img: ide a = inj-on img (hom unity a)
and stable-img: terminal t = t € img ‘ hom unity t
and extensional-set: [ ide a; ide b; set a = set b] = a = b
and extensional-arr: [ par f f'; Nz. «z : unity = dom f» = f-z=f"-z] = f=f'
and set-complete: setp A = Ta. ide a N set a = A
and fun-complete-az: [ ide a; ide b; F € hom unity a — hom unity b ]
= 3f. «f:a—= b A (V. «x : unity — dom f» — [ -z = F )
begin

lemma setp-singleton:
assumes terminal a
shows setp {a}

(proof )
lemma setp-empty:
shows setp {}
(proof )

lemma finite-imp-setp:
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assumes A C Univ and finite A
shows setp A

(proof)

Fach arrow f € hom a b determines a function Fun f € Univ — Univ, by passing
from Univ to hom a unity, composing with f, then passing back to Univ.

definition Fun :: 's = s = s
where Fun f = restrict (img o S f o inv-into (hom unity (dom f)) img) (set (dom f))

lemma comp-arr-pointsc:

assumes arr f and «zx : unity — dom f»

shows f - © = inv-into (hom unity (cod f)) img (Fun f (img z))
(proof)

Parallel arrows that determine the same function are equal.

lemma arr-eql sc:
assumes par f f' and Fun f = Fun f’
shows [ = f'

(proof)

lemma terminal-unitysc:
shows terminal unity

(proof)

lemma ide-unity [simp]:
shows ide unity

(proof)

lemma setp-set’ [simp]:
assumes ide a
shows setp (set a)

(proof)

lemma inj-on-set:
shows inj-on set (Collect ide)

(proof)

The inverse of the map set is a map mklde that takes each subset of the universe to
an identity of S.

definition mklde :: 's set = 's
where mklde A = (if setp A then inv-into (Collect ide) set A else null)

lemma mklde-set [simp]:
assumes ide a
shows mklde (set a) = a

(proof)

lemma set-mklde [simp:
assumes setp A
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shows set (mklde A) = A
(proof)

lemma ide-mklde [simp]:
assumes setp A
shows ide (mklde A)

(proof)

lemma arr-mklde [iff]:
shows arr (mklde A) <— setp A

(proof)

lemma dom-mklde [simp]:
assumes setp A
shows dom (mklde A) = mklde A

(proof)

lemma cod-mklde [simp]:
assumes setp A
shows cod (mklde A) = mklde A

(proof)
Each arrow f determines an extensional function from set (dom f) to set (cod f).

lemma Fun-mapsto:
assumes arr f
shows Fun f € extensional (set (dom f)) N (set (dom f) — set (cod f))

(proof)
Identities of S correspond to restrictions of the identity function.

lemma Fun-ide:
assumes ide a
shows Fun a = restrict (\x. z) (set a)

(proof)

lemma Fun-mklde [simp]:
assumes setp A
shows Fun (mklde A) = restrict (\z. z) A

(proof )
Composition in () corresponds to extensional function composition.

lemma Fun-comp [simp]:
assumes seq g f
shows Fun (g - f) = restrict (Fun g o Fun f) (set (dom f))

{proof)

The constructor mkArr is used to obtain an arrow given subsets A and B of the
universe and a function FF € A — B.

definition mkArr :: 's set = ‘s set = (s = 's) = s
where mkArr A B F = (if setp A N setp BAF € A— B
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then (THE f. f € hom (mklde A) (mklde B) A Fun f = restrict F' A)
else null)

Each function F' € set a — set b determines a unique arrow f € hom a b, such that
Fun f is the restriction of F' to set a.

lemma fun-complete:
assumes ide ¢ and ide b and F € set a — set b
shows 3!f. «f : a — b» A Fun f = restrict F (set a)

{proof)

lemma mkArr-in-hom:
assumes setp A and setp Band F € A — B
shows «mkArr A B F : mklde A — mkIde B»

(proof)

The “only if” direction of the next lemma can be achieved only if there exists a
non-arrow element of type s, which can be used as the value of mkArr A B F in cases
where F' ¢ A — B. Nevertheless, it is essential to have this, because without the “only
if” direction, we can’t derive any useful consequences from an assumption of the form
arr (mkArr A B F); instead we have to obtain F € A — B some other way. This is is
usually highly inconvenient and it makes the theory very weak and almost unusable in
practice. The observation that having a non-arrow value of type ’s solves this problem
is ultimately what led me to incorporate null first into the definition of the set-category
locale and then, ultimately, into the definition of the category locale. I believe this idea
is critical to the usability of the entire development.

lemma arr-mkArr [iff]:
shows arr (mkArr A B F) <— setp AN setp BANF € A— B

{proof)

lemma arr-mkArrl [intro|:
assumes setp A and setp Band F € A — B
shows arr (mkArr A B F)

{proof)

lemma Fun-mkArr':

assumes arr (mkdrr A B F)

shows «mkArr A B F : mklde A — mklde B»
and Fun (mkArr A B F) = restrict F A

{proof)

lemma mkArr-Fun:
assumes arr f
shows mkArr (set (dom f)) (set (cod f)) (Fun f) = f

{proof)

lemma dom-mkArr [simp]:
assumes arr (mkdrr A B F)
shows dom (mkArr A B F) = mklde A
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(proof)

lemma cod-mkArr [simp]:
assumes arr (mkArr A B F)
shows cod (mkArr A B F) = mklde B

(proof)

lemma Fun-mkArr [simp]:
assumes arr (mkArr A B F)
shows Fun (mkArr A B F) = restrict F A

(proof)

The following provides the basic technique for showing that arrows constructed using
mkArr are equal.

lemma mkArr-eql [intro:
assumes arr (mkArr A B F)
and A=A'and B=B'and A\e. 1€ A= Fz=F'z
shows mkArr A B F = mkArr A’ B' F'
(proof)

This version avoids trivial proof obligations when the domain and codomain sets are
identical from the context.

lemma mkArr-eql’ [intro):
assumes arr (mkdrr A BF)and A\z. 2 € A— Fz=F'x
shows mkArr A B F = mkArr A B F’

(proof)

lemma mkArr-restrict-eq:
assumes arr (mkArr A B F)
shows mkArr A B (restrict F A) = mkArr A B F

(proof)

lemma mkArr-restrict-eq’:
assumes arr (mkArr A B (restrict F' A))
shows mkArr A B (restrict F A) = mkArr A B F

(proof)

lemma mklde-as-mkArr [simp):
assumes setp A
shows mkArr A A (Az. ) = mklde A

(proof)

lemma comp-mkArr:
assumes arr (mkArr A B F) and arr (mkArr B C G)
shows mkArr B C G - mkArr A B F = mkArr A C (G o F)

(proof)

The locale assumption stable-img forces t € set t in case t is a terminal object. This
is very convenient, as it results in the characterization of terminal objects as identities
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t for which set t = {t}. However, it is not absolutely necessary to have this. The fol-
lowing weaker characterization of terminal objects can be proved without the stable-img
assumption.

lemma terminal-charl:
shows terminal t «— ide t A (3lz. € set t)

(proof )

As stated above, in the presence of the stable-img assumption we have the following
stronger characterization of terminal objects.

lemma terminal-char2:
shows terminal t +— ide t A set t = {t}

(proof )

end

At last, we define the set-category locale by existentially quantifying out the choice of
a particular ¢mg map. We need to know that such a map exists, but it does not matter
which one we choose.

locale set-category = category S

for S :: 's comp (infixr <> 59)

and setp :: 's set = bool +

assumes ex-img: 3img. set-category-given-img S img setp
begin

notation in-hom (<«-: - — -»)

definition some-img
where some-img = (SOME img. set-category-given-img S img setp)

sublocale set-category-given-img S some-img setp

{proof)

end

We call a set category replete if there is an object corresponding to every subset of
the universe.

locale replete-set-category =

category S +

set-category S <AA. A C Collect terminal>
for S :: 's comp (infixr <> 55)
begin

abbreviation setp
where setp = AA. A C Univ

lemma is-set-category:

shows set-category S (MA. A C Collect terminal)
(proof)
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end

context set-category
begin

The arbitrary choice of img induces a system of arrows corresponding to inclusions
of subsets.

definition incl :: 's = bool
where incl f = (arr f A set (dom f) C set (cod f) A
f = mkArr (set (dom f)) (set (cod f)) (Az. x))

lemma Fun-incl:
assumes incl f
shows Fun f = (Az € set (dom f). x)

(proof)

lemma ex-incl-iff-subset:
assumes ide ¢ and ide b
shows (3f. «f : a = b» A incl f) +— set a C set b

(proof)

end

11.3 Categoricity

In this section we show that the set-category locale completely characterizes the structure
of its interpretations as categories, in the sense that for any two interpretations S and
S’ a setp-respecting bijection between the universe of S and the universe of S’ extends
to an isomorphism of S and S’.

locale two-set-categories-bij-betw-Univ =
S: set-category S setp +
S’ set-category S’ setp’
for S :: 's comp (infixr <> 55)
and setp :: 's set = bool
and S’ :: 't comp  (infixr <" 55)
and setp’ :: 't set = bool
and ¢ 1 s = 't +
assumes bij-p: bij-betw ¢ S.Univ S'. Univ
and o-respects-setp: A C S.Univ = setp’ (p ‘ A) «— setp A

begin
notation S.in-hom  (s¢-: - = -»)
notation S’.in-hom  (««-: - —=""-»)

abbreviation
where ¢ = inv-into S.Univ ¢
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lemma ¥-p:

assumes t € S.Univ

shows ¢ (p t) =t
(proof )

lemma p-1:

assumes t' € S’ Univ

shows ¢ (¢ t') = t’
(proof )

lemma -img-p-img:

assumes A C S.Univ

shows ¢ ‘p ‘A=A
(proof )

lemma p-img-1-img:

assumes A’ C S’.Univ

shows ¢ ‘¢ ‘A’ = A’
(proof )

We define the object map ®o of a functor from S to S’

definition ®o
where ®o = (Aa € Collect S.ide. S'.mkIde (¢ © S.set a))

lemma set-Po:
assumes S.ide a
shows S’.set (Po a) = ¢ ‘S.set a

{proof)

lemma ®o-preserves-ide:
assumes S.ide a
shows S'.ide (Po a)

(proof)

The map ®a assigns to each arrow f of S the function on the universe of S’ that is
the same as the function induced by f on the universe of S, up to the bijection ¢ between
the two universes.

definition ®a
where ®a = (Af. Az’ € ¢ ‘ S.set (S.dom f). ¢ (S.Fun f (¢ z7)))

lemma ®a-mapsto:
assumes S.arr f
shows ®a f € S'.set (Po (S.dom f)) — S'.set (Do (S.cod f))

(proof)
The map ®a takes composition of arrows to extensional composition of functions.

lemma ®a-comp:
assumes gf: S.seq g f
shows ®a (g - f) = restrict (Pa g o ®a f) (S'.set (Po (S.dom f)))
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{proof)

Finally, we use ®o0 and ®a to define a functor ®.

definition ®
where ® f = (if S.arr f then
S .mkArr (S'.set (®o (S.dom [))) (S'.set (Po (S.cod f))) (Pa f)
else S'.null)

lemma ®-in-hom:
assumes S.arr f
shows @ f € S".hom (®o (S.dom f)) (Po (S.cod [))

{proof)

lemma ®-ide [simp]:
assumes S.ide a
shows ® ¢ = ®o a

{proof)

lemma set-dom-®:
assumes S.arr f
shows S’.set (S'.dom (@ f)) = ¢ ¢ (S.set (S.dom f))

(proof)

lemma ®-comp:

assumes S.seq g f

shows @ (g - /) =P g-" D f
(proof )

interpretation ®: functor S S’ ®
(proof )

lemma ®-is-functor:
shows functor S S’ ® (proof)

lemma Fun-®:

assumes S.arr f and z € S.set (S.dom f)

shows S".Fun (® f) (¢ z) = ®a f (¢ x)
(proof)

lemma ®-acts-elementwise:
assumes S.ide a
shows S’.set (& a) = ® ‘ S.set a

{proof)

lemma ®-preserves-incl:
assumes S.incl m
shows S".incl (& m)

{proof)
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lemma -respects-sets:

assumes A’ C S’.Univ

shows setp (¢ * A') «— setp’ A’
(proof)

Interchange the role of ¢ and 1) to obtain a functor ¥ from S’ to S.

interpretation INV: two-set-categories-bij-betw-Univ S’ setp’ S setp 1
(proof )

abbreviation VYo
where Vo = INV .®o

abbreviation V¢
where Vg = INV.®q

abbreviation ¥
where ¥ = INV.®

interpretation VU: functor S’ S ¥
(proof )

The functors ® and ¥ are inverses.

lemma Fun-¥:

assumes S’.arr f and 2z’ € S’.set (S'.dom f)

shows S.Fun (¥ ) (¢ 2') = Wa f' (¢ z')
{proof)

lemma Vo-®o:
assumes S.ide a
shows Vo (Po a) = a

(proof)

lemma ®V:
assumes S.arr f
shows U (¢ f) = f
(proof)

lemma ®o-Vo:

assumes S'.ide a’

shows ®o (Vo a') = o’
(proof)

lemma ¥o:
assumes S’.arr [’
shows @ (U f/) = f’
(proof )

lemma inverse-functors-®-W:
shows inverse-functors S S' U @
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{proof)

lemma are-isomorphic:
shows 3 ®. invertible-functor S S’ ® A (Vm. S.incdl m — S'.incl (P m))

(proof )

end

The main result: set-category is categorical, in the following (logical) sense: If S and
S’ are two "set categories", and if the sets of terminal objects of S and S’ are in corre-
spondence via a setp-preserving bijection, then S and S’ are isomorphic as categories, via
a functor that preserves inclusion maps, hence also the inclusion relation between sets.

theorem set-category-is-categorical:
assumes set-category S setp and set-category S’ setp’
and bij-betw @ (set-category-data. Univ S) (set-category-data. Univ S”)
and A\A. A C set-category-data. Univ S = setp’ (p < A) +— setp A
shows 3 ®. invertible-functor S S’ ® A
(Vm. set-category.incl S setp m — set-category.incl S’ setp’ (P m))

(proof)

11.4 Further Properties of Set Categories

In this section we further develop the consequences of the set-category axioms, and
establish characterizations of a number of standard category-theoretic notions for a
set-category.

context set-category
begin

abbreviation Dom
where Dom f = set (dom f)

abbreviation Cod
where Cod f = set (cod f)

11.4.1 Initial Object

The object corresponding to the empty set is an initial object.

definition empty
where empty = mklde {}

lemma initial-empty:

shows initial empty

{proof)

11.4.2 Identity Arrows

Identity arrows correspond to restrictions of the identity function.
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lemma ide-chargc:
assumes arr f
shows ide f +— Dom f = Cod f N Fun f = (Ax € Dom f. x)

{proof)

lemma idel:
assumes arr f and Dom f = Cod f and Az. x € Dom f = Fun fz =z
shows ide f

{proof)

11.4.3 Inclusions

lemma ide-implies-incl:
assumes ide a
shows incl a

(proof)

definition incl-in :: 's = s = bool
where incl-in a b = (ide a A ide b A set a C set b)

abbreviation incl-of
where incl-of a b = mkArr (set a) (set b) (\z. z)

lemma elem-set-implies-set-eq-singleton:
assumes a € set b
shows set a = {a}

{proof)

lemma elem-set-implies-incl-in:
assumes a € set b
shows incl-in a b

{proof)

lemma incl-incl-of [simp):
assumes incl-in a b
shows incl (incl-of a b)
and «incl-of a b: a — b»

(proof)
There is at most one inclusion between any pair of objects.

lemma incls-coherent:
assumes par f f' and incl f and incl f'
shows f = f’
(proof)
The set of inclusions is closed under composition.

lemma incl-comp [simpl:
assumes incl f and incl g and cod f = dom g
shows incl (g - f)

{proof)
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11.4.4 Image Factorization

The image of an arrow is the object that corresponds to the set-theoretic image of the
domain set under the function induced by the arrow.

abbreviation Img
where Img f = Fun f * Dom f

definition img
where img f = mklde (Img f)

lemma ide-img [simp]:
assumes arr f

shows ide (img f)
{proof )

lemma set-img [simp]:
assumes arr f
shows set (img f) = Img f

{proof)

lemma img-point-in- Univ:
assumes «z : unity — a»
shows img z € Univ

{proof)

lemma incl-in-img-cod:
assumes arr f

shows incl-in (img f) (cod f)
(proof)

lemma img-point-elem-set:
assumes «z : unity — a»
shows img = € set a

(proof)

The corestriction of an arrow f is the arrow corestr f € hom (dom f) (img f) that
induces the same function on the universe as f.

definition corestr
where corestr f = mkArr (Dom f) (Img f) (Fun f)

lemma corestr-in-hom:
assumes arr f
shows «corestr f : dom f — img f»

(proof)
Every arrow factors as a corestriction followed by an inclusion.

lemma img-fact:
assumes arr f
shows S (incl-of (img f) (cod f)) (corestr f) = f
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{proof)

lemma Fun-corestr:
assumes a7 f
shows Fun (corestr f) = Fun f

(proof)

11.4.5 Points and Terminal Objects

To each element t of set a is associated a point mkPoint a t € hom unity a. The function
induced by such a point is the constant-¢ function on the set {unity}.

definition mkPoint
where mkPoint a t = mkArr {unity} (set a) (A-. t)

lemma mkPoint-in-hom:
assumes ide a and t € set a
shows «mkPoint a t : unity — a»

{proof)

lemma Fun-mkPoint:

assumes ide a and t € set a

shows Fun (mkPoint a t) = (A- € {unity}. t)
(proof)

For each object a the function mkPoint a has as its inverse the restriction of the
function img to hom unity a

lemma mkPoint-img:
shows img € hom unity a — set a
and Az. «z : unity — a» = mkPoint a (img z) = z

{proof)

lemma img-mkPoint:

assumes ide a

shows mkPoint a € set a — hom unity a
and At. t € set @ = img (mkPoint a t) =t

{proof)

For each object a the elements of hom unity a are therefore in bijective correspondence
with set a.
lemma bij-betw-points-and-set:

assumes ide a
shows bij-betw img (hom unity a) (set a)

{proof)

lemma setp-img-points:
assumes ide a
shows setp (img ¢ hom unity a)

{proof)
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The function on the universe induced by an arrow f agrees, under the bijection
between hom unity (dom f) and Dom f, with the action of f by composition on hom
unity (dom f).

lemma Fun-point:

assumes «z : unity — a»

shows Fun z = (A- € {unity}. img x)
(proof)

lemma comp-arr-mkPoint:
assumes arr f and t € Dom f
shows f - mkPoint (dom f) t = mkPoint (cod f) (Fun ft)

{proof)

lemma comp-arr-pointssc:

assumes arr f and «z : unity — dom f»

shows f - © = mkPoint (cod f) (Fun f (img z))
(proof )

This agreement allows us to express Fun f in terms of composition.

lemma Fun-in-terms-of-comp:
assumes arr f
shows Fun f = restrict (img o S f o mkPoint (dom f)) (Dom f)

{proof)

We therefore obtain a rule for proving parallel arrows equal by showing that they
have the same action by composition on points.

lemma arr-eql’sc:
assumes par f f'and Az. «z : unity — dom f» = f-x=f"-z
shows [ = [’/

(proof)

An arrow can therefore be specified by giving its action by composition on points. In
many situations, this is more natural than specifying it as a function on the universe.

definition mkArr’
where mkArr’ a b F = mkArr (set a) (set b) (img o F o mkPoint a)

lemma mkArr’-in-hom:
assumes ide a and ide b and F' € hom unity a — hom unity b
shows «mkArr’ a b F : a — by

{proof)

lemma comp-point-mkArr’:
assumes ide a and ide b and F' € hom unity a — hom unity b
shows Az. «z : unity — a» = mkArr’ a b F -2 =Fzx

(proof)

A third characterization of terminal objects is as those objects whose set of points is
a singleton.
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lemma terminal-char3:
assumes 3!z. «z : unity — a»
shows terminal a

{proof)

The following is an alternative formulation of functional completeness, which says
that any function on points uniquely determines an arrow.

lemma fun-complete’”:
assumes ide a and ide b and F' € hom unity a — hom unity b
shows JIf. «f : a = b» A (Vz. «z : unity — a» — f -z = F 1)

(proof)

11.4.6 The ‘Determines Same Function’ Relation on Arrows

An important part of understanding the structure of a category of sets and functions is
to characterize when it is that two arrows “determine the same function”. The following
result provides one answer to this: two arrows with a common domain determine the
same function if and only if they can be rendered equal by composing with a cospan of
inclusions.

lemma eg- Fun-iff-incl-joinable:

assumes span f f'

shows Fun f = Fun f' +—

(Imm' inclm A dinclm’' AN segm fANsegm’ f'"Am-f=m"-f)

{proof)

Another answer to the same question: two arrows with a common domain determine
the same function if and only if their corestrictions are equal.

lemma eq-Fun-iff-eq-corestr:
assumes span [ f’
shows Fun f = Fun f' +— corestr f = corestr [’

(proof)

11.4.7 Retractions, Sections, and Isomorphisms

An arrow is a retraction if and only if its image coincides with its codomain.

lemma retraction-if-Img-eq-Cod:

assumes arr g and Img g = Cod g

shows retraction g

and ide (g - mkArr (Cod g) (Dom g) (inv-into (Dom g) (Fun g)))

{proof)

lemma retraction-char:
shows retraction g +— arr ¢ A Img g = Cod g

(proof )
Every corestriction is a retraction.

lemma retraction-corestr:
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assumes arr f
shows retraction (corestr f)

(proof)

An arrow is a section if and only if it induces an injective function on its domain,
except in the special case that it has an empty domain set and a nonempty codomain
set.

lemma section-if-inj:

assumes arr f and inj-on (Fun f) (Dom f) and Dom f = {} — Cod f = {}

shows section f

and ide (mkArr (Cod f) (Dom f)

(M\y. if y € Img f then SOME xz. x € Dom f A\ Fun fz =y
else SOME z. x € Dom f)
)

(proof)

lemma section-char:

shows section f <— arr f A (Dom f = {} — Cod f = {}) A inj-on (Fun f) (Dom f)
{proof)

Section-retraction pairs can also be characterized by an inverse relationship between
the functions they induce.

lemma section-retraction-char:
shows ide (g - f) <— antipar f g A compose (Dom f) (Fun g) (Fun f) = (Ax € Dom f. x)

(proof)
Antiparallel arrows f and g are inverses if the functions they induce are inverses.

lemma inverse-arrows-char:
shows inverse-arrows f g <—
antipar f g A compose (Dom f) (Fun g) (Fun f) = (Az € Dom f. x)
A compose (Dom g) (Fun f) (Fun g) = (A\y € Dom g. y)

(proof)
An arrow is an isomorphism if and only if the function it induces is a bijection.

lemma iso-char:
shows iso f «— arr f A bij-betw (Fun f) (Dom f) (Cod f)

(proof)
The inverse of an isomorphism is constructed by inverting the induced function.

lemma inv-char:

assumes iso f
shows inv f = mkArr (Cod f) (Dom f) (inv-into (Dom f) (Fun f))

(proof)

lemma Fun-inv:
assumes iso f
shows Fun (inv f) = restrict (inv-into (Dom f) (Fun f)) (Cod f)

(proof)
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11.4.8 Monomorphisms and Epimorphisms

An arrow is a monomorphism if and only if the function it induces is injective.

lemma mono-char:
shows mono f «— arr f A inj-on (Fun f) (Dom f)

(proof)
Inclusions are monomorphisms.

lemma mono-imp-incl:
assumes incl f
shows mono f

(proof)

A monomorphism is a section, except in case it has an empty domain set and a
nonempty codomain set.

lemma mono-imp-section:
assumes mono f and Dom f = {} — Cod f = {}
shows section f

(proof)

An arrow is an epimorphism if and only if either its image coincides with its codomain,
or else the universe has only a single element (in which case all arrows are epimorphisms).

lemma epi-char:
shows epi f «— arr f A (Imgf = Cod f vV (Vtt'. t € Univ A t' € Univ — t = t'))
(proof )

An epimorphism is a retraction, except in the case of a degenerate universe with only
a single element.

lemma epi-imp-retraction:
assumes epi f and It t’. ¢t € Univ A t' € Univ At £t/
shows retraction f

(proof)

Retraction/inclusion factorization is unique (not just up to isomorphism — remember
that the notion of inclusion is not categorical but depends on the arbitrarily chosen img).

lemma unique-retr-incl-fact:

assumes seq m e and seq m’ e’and m - e =m’ - ¢
and incl m and incl m’ and retraction e and retraction e’
shows m = m’ and ¢ = ¢’

{proof)

!/

end

11.5 Concrete Set Categories

The set-category locale is useful for stating results that depend on a category of ’a-sets
and functions, without having to commit to a particular element type ‘a. However,
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in applications we often need to work with a category of sets and functions that is
guaranteed to contain sets corresponding to the subsets of some extrinsically given type
'a. A concrete set category is a set category S that is equipped with an injective function
¢ from type ‘a to S.Univ. The following locale serves to facilitate some of the technical
aspects of passing back and forth between elements of type ‘a and the elements of S. Univ.

locale concrete-set-category = set-category S setp
for S :: 's comp (infixr <g> 55)
and setp :: 's set = bool
and U : 'a set
and ¢ :: 'a = 's +
assumes UP-mapsto: « € U — Univ
and inj-UP: inj-on + U
begin

abbreviation UP
where UP =

abbreviation DN
where DN = inv-into U UP

lemma DN-mapsto:
shows DN € UP ‘U — U

(proof)

lemma DN-UP [simp]:
assumes z € U
shows DN (UP z) =z

(proof)

lemma UP-DN [simp]:
assumes t € UP ‘' U
shows UP (DN t) =t

{proof)

lemma bij-UP:
shows bij-betw UP U (UP ‘ U)
{proof )

lemma bij-DN:
shows bij-betw DN (UP “ U) U
(proof)

end

locale replete-concrete-set-category =
replete-set-category S +
concrete-set-category S <AA. A C Univy U UP
for S :: s comp (infixr <-g> 55)
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and U :: 'a set
and UP :: 'a = s

11.6 Sub-Set Categories

In this section, we show that a full subcategory of a set category, obtained by imposing
suitable further restrictions on the subsets of the universe that correspond to objects, is
again a set category.

locale sub-set-category =
S: set-category +
fixes ssetp :: ‘a set = bool
assumes ssetp-singleton: \t. t € S.Univ = ssetp {t}
and subset-closed: AB A. [B C A; ssetp A] = ssetp B
and union-closed: NA B. [ssetp A; ssetp B] = ssetp (A U B)
and containment: N\A. ssetp A = setp A
begin

sublocale full-subcategory S <Aa. S.ide a A ssetp (S.set a)»
(proof )

lemma is-full-subcategory:
shows full-subcategory S (Aa. S.ide a A ssetp (S.set a))

(proof)

lemma ide-charssc:
shows ide a +— S.ide a N ssetp (S.set a)

(proof)

lemma terminal-unityssc:
shows terminal S.unity

(proof )

lemma terminal-char:
shows terminal t +— S.terminal t

(proof)

sublocale set-category comp ssetp

{proof)

lemma is-set-category:
shows set-category comp ssetp

(proof)

end

end

87



Chapter 12

SetCat

theory SetCat
imports SetCategory ConcreteCategory
begin

This theory proves the consistency of the set-category locale by giving a particular
concrete construction of an interpretation for it. Applying the general construction given
by concrete-category, we define arrows to be terms MkArr A B F, where A and B are
sets and F' is an extensional function that maps A to B.

This locale uses an extra dummy parameter just to fix the element type for sets.
Without this, a type is used for each interpretation, which makes it impossible to con-
struct set categories whose element types are related to the context. An additional
parameter, Setp, allows some control over which subsets of the element type are assumed
to correspond to objects of the category.

locale setcat =

fixes elem-type :: e itself

and Setp :: ‘e set = bool

assumes Setp-singleton: Setp {z}

and Setp-respects-subset: A’ C A = Setp A = Setp A’

and union-preserves-Setp: | Setp A; Setp B | = Setp (A U B)
begin

lemma finite-imp-Setp: finite A = Setp A
(proof )

type-synonym ‘b arr = (’b set, 'b = 'b) concrete-category.arr

interpretation S: concrete-category < Collect Setpy «(AA B. extensional A N (A — B)»
MNA. Az € A. oy <AC B A g f. compose A g f»

(proof)

abbreviation comp :: e setcat.arr comp  (infixr <> 55)
where comp = S.COMP
notation S.in-hom (<=1 - = -m)
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lemma is-category:
shows category comp

{proof)

lemma MkArr-expansion:

assumes S.arr f
shows f = S.MkArr (S.Dom f) (S.Cod f) (Ax € S.Dom f. S.Map f x)

{proof)

lemma arr-char:
shows S.arr f «+— f # S.Null A Setp (S.Dom f) A Setp (S.Cod f) A
S.Map [ € eatensional (S.Dom f) N (S.Dom f — S.Cod f)

{proof)

lemma terminal-char:
shows S.terminal a <— (2. a = S.Mklde {z})

{proof)

definition IMG :: e setcat.arr = 'e setcat.arr
where IMG f = S.MkIde (S.Map f ¢ S.Dom f)

interpretation S: set-category-data comp IMG
(proof)

lemma terminal-unity:
shows S.terminal S.unity

(proof)

The inverse maps arr-of and elem-of are used to pass back and forth between the
inhabitants of type ‘a and the corresponding terminal objects. These are exported so that
a client of the theory can relate the concrete element type ‘a to the otherwise abstract
arrow type.

definition arr-of :: ‘e = 'e setcat.arr
where arr-of © = S.MklIde {x}

definition elem-of :: ’e setcat.arr = e
where elem-of t = the-elem (S.Dom t)

abbreviation U
where U = elem-of S.unity

lemma arr-of-mapsto:
shows arr-of € UNIV — S.Univ

(proof)

lemma elem-of-mapsto:

shows elem-of € Univ — UNIV
(proof )
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lemma elem-of-arr-of [simp]:
shows elem-of (arr-of ) =«

{proof)

lemma arr-of-elem-of [simp]:
assumes t € S.Univ
shows arr-of (elem-of t) =t

{proof)

lemma inj-arr-of:
shows inj arr-of
{proof )

lemma bij-arr-of:
shows bij-betw arr-of UNIV S.Univ
(proof )

lemma bij-elem-of:
shows bij-betw elem-of S.Univ UNIV
(proof )

lemma elem-of-img-arr-of-img [simp]:
shows elem-of ‘ arr-of ‘A = A

{proof)

lemma arr-of-img-elem-of-img [simp]:
assumes A C S.Univ
shows arr-of ‘ elem-of ‘A = A

{proof)

lemma Dom-terminal:
assumes S.terminal t
shows S.Dom t = {elem-of t}

(proof)

The image of a point p € hom wunity a is a terminal object, which is given by the
formula (arr-of o Fun p o elem-of) unity.

lemma IMG-point:

assumes «p : S.unity — a»

shows IMG € S.hom S.unity a — S.Univ

and IMG p = (arr-of o S.Map p o elem-of) S.unity

{proof)

The function IMG is injective on hom unity a and its inverse takes a terminal object
t to the arrow in hom unity a corresponding to the constant-¢ function.

abbreviation MkElem :: 'e setcat.arr => 'e setcat.arr => 'e setcat.arr

where MkElem t a = S.MkArr {U} (S.Dom a) (A- € {U}. elem-of t)
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lemma MEkFElem-in-hom:

assumes S.arr f and z € S.Dom f

shows «MkElem (arr-of ) (S.dom f) : S.unity — S.dom f»
(proof)

lemma MkEFElem-IMG:
assumes p € S.hom S.unity a
shows MkElem (IMG p) a = p

{proof)

lemma inj-IMG:

assumes S.ide a

shows inj-on IMG (S.hom S.unity a)
{proof)

lemma set-char:
assumes S.ide a
shows S.set a = arr-of * S.Dom a

{proof)

lemma Map-via-comp:

assumes S.arr f

shows S.Map f = (Ax € S.Dom f. S.Map (f - MkElem (arr-of z) (S.dom f)) U)
(proof)

lemma arr-eql ":

assumes S.par f f'and At. «t: S.unity — S.dom f» = f -t =f"-1t
shows f = [’/

(proof)

lemma Setp-elem-of-img:
assumes A € S.set ¢ Collect S.ide
shows Setp (elem-of < A)

{proof)

lemma set-Mklde-elem-of-img:

assumes A C S.Univ and S.ide (S.MkIde (elem-of < A))
shows S.set (S.MkIde (elem-of < A)) = A

(proof)

lemma set-img-Collect-ide-iff
shows A € S.set “ Collect S.ide «+— A C S.Univ A Setp (elem-of © A)
(proof)

The main result, which establishes the consistency of the set-category locale and
provides us with a way of obtaining “set categories” at arbitrary types.

theorem is-set-category:
shows set-category comp (AA. A C S.Univ A Setp (elem-of ¢ A))
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{proof)

SetCat can be viewed as a concrete set category over its own element type ‘a, using
arr-of as the required injection from ’a to the universe of SetCat.

corollary is-concrete-set-category:
shows concrete-set-category comp (AA. A C S.Univ A Setp (elem-of ¢ A)) UNIV arr-of

(proof)

As a consequence of the categoricity of the set-category axioms, if S interprets
set-category, and if ¢ is a bijection between the universe of S and the elements of type
‘a, then S is isomorphic to the category setcat of ’a sets and functions between them
constructed here.

corollary set-category-iso-SetCat:
fixes S :: 's comp and ¢ :: 's = e
assumes set-category S S
and bij-betw ¢ (set-category-data. Univ S) UNIV
and AA. S A <— A C set-category-data.Univ S A (arr-of o ) * A € S.set ¢ Collect S.ide
shows 3 ®. invertible-functor S comp ®

A (Vm. set-category.incl S S m

— set-category.incl comp (AA. A € S.set © Collect S.ide) (P m))

{proof)

sublocale category comp

(proof )
sublocale set-category comp <(AA. A C Collect S.terminal N Setp (elem-of < A)»

(proof)

interpretation concrete-set-category comp <AA. A C Collect S.terminal N Setp (elem-of ¢
A)»
UNIV arr-of
(proof )

end

Here we discard the temporary interpretations S, leaving only the exported definitions
and facts.

context setcat
begin
We establish mappings to pass back and forth between objects and arrows of the
category and sets and functions on the underlying elements.

interpretation set-category comp (AA. A C Collect terminal N Setp (elem-of ¢ A)»

(proof)
interpretation concrete-set-category comp «AA. A C Univ A Setp (elem-of < A)y UNIV arr-of

(proof)

definition set-of-ide :: ‘e setcat.arr = 'e set
where set-of-ide a = elem-of * set a
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definition ide-of-set :: ‘e set = 'e setcat.arr
where ide-of-set A = mklde (arr-of < A)

lemma bij-betw-ide-set:

shows set-of-ide € Collect ide — Collect Setp

and ide-of-set € Collect Setp — Collect ide

and [simp]: ide a = ide-of-set (set-of-ide a) = a
and [simp]: Setp A = set-of-ide (ide-of-set A) = A
and bij-betw set-of-ide (Collect ide) (Collect Setp)
and bij-betw ide-of-set (Collect Setp) (Collect ide)

{proof)

definition fun-of-arr :: ‘e setcat.arr = ‘e = e
where fun-of-arr f = restrict (elem-of o Fun f o arr-of) (elem-of ‘Dom f)

definition arr-of-fun :: ‘e set = 'e set = (‘e = 'e) = e setcat.arr
where arr-of-fun A B F = mkArr (arr-of < A) (arr-of * B) (arr-of o F o elem-of)

lemma bij-betw-hom-fun:

shows fun-of-arr € hom a b — extensional (set-of-ide a) N (set-of-ide a — set-of-ide b)
and [Setp A; Setp B] = arr-of-fun A B € (A — B) — hom (ide-of-set A) (ide-of-set B)
and f € hom a b => arr-of-fun (set-of-ide a) (set-of-ide b) (fun-of-arr f) = f

and [Setp A; Setp B; F € A — B; F € extensional A] = fun-of-arr (arr-of-fun A B F) =

and [ide a; ide b] = bij-betw fun-of-arr (hom a b)
(extensional (set-of-ide a) N (set-of-ide a — set-of-ide b))
and [Setp A; Setp B] =
bij-betw (arr-of-fun A B)
(extensional A N (A — B)) (hom (ide-of-set A) (ide-of-set B))
(proof)

lemma fun-of-arr-ide:
assumes ide a
shows fun-of-arr a = restrict id (elem-of * Dom a)

{proof)

lemma arr-of-fun-id:

assumes Setp A

shows arr-of-fun A A (restrict id A) = ide-of-set A
(proof)

lemma fun-of-arr-comp:

assumes f € hom a band g € hom b ¢

shows fun-of-arr (comp g f) = restrict (fun-of-arr g o fun-of-arr f) (set-of-ide a)
(proof)

lemma arr-of-fun-comp:
assumes Setp A and Setp B and Setp C
and F € extensional AN (A — B) and G € extensional BN (B — C)
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shows arr-of-fun A C (G o F) = comp (arr-of-fun B C G) (arr-of-fun A B F)
{proof)

end

When there is no restriction on the sets that determine objects, the resulting set
category is replete. This is the normal use case, which we want to streamline as much
as possible, so it is useful to introduce a special locale for this purpose.

locale replete-setcat =
fixes elem-type :: e itself
begin

interpretation SC': setcat elem-type <A-. True)

{proof)

definition comp
where comp = SC.comp

definition arr-of
where arr-of = SC.arr-of

definition elem-of
where elem-of = SC.elem-of

sublocale replete-set-category comp

(proof)

lemma is-replete-set-category:
shows replete-set-category comp

{proof)

lemma is-set-categoryrsc:
shows set-category comp (AA. A C Univ)

(proof)

sublocale concrete-set-category comp setp UNIV arr-of

(proof)

lemma is-concrete-set-category:
shows concrete-set-category comp setp UNIV arr-of

{proof)

lemma bij-arr-of:
shows bij-betw arr-of UNIV Univ
{proof )

lemma bij-elem-of:

shows bij-betw elem-of Univ UNIV
(proof)
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end

end
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Chapter 13

ProductCategory

theory ProductCategory
imports Category EpiMonolso
begin

This theory defines the product of two categories C1 and C2, which is the category
C whose arrows are ordered pairs consisting of an arrow of C1 and an arrow of C2, with
composition defined componentwise. As the ordered pair (C1.null, C2.null) is available

to serve as C.null, we may directly identify the arrows of the product category C' with
ordered pairs, leaving the type of arrows of C transparent.

locale product-category =

C1: category C1 +

C2: category C2
for C1 :: 'al comp (infixr <1 55)
and C2 :: 'a2 comp (infixr <9 55)
begin

type-synonym (‘aal, 'aa2) arr = 'aal * 'aa2

notation C1.in-hom (<=1 - =1 -m)
notation C2.in-hom ((«=: = =9 =)

abbreviation (input) Null :: ('al, 'a2) arr
where Null = (C1.null, C2.null)

abbreviation (input) Arr :: (‘al, 'a2) arr = bool
where Arr f = Cl.arr (fst f) A C2.arr (snd f)

abbreviation (input) Ide :: ("al, 'a2) arr = bool
where Ide f = C1.ide (fst f) N C2.ide (snd f)

abbreviation (input) Dom :: (‘al, 'a2) arr = (‘al, 'a2) arr
where Dom f = (if Arr f then (C1.dom (fst f), C2.dom (snd f)) else Null)

abbreviation (input) Cod :: (‘al, 'a2) arr = (‘al, 'a2) arr
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where Cod f = (if Arr f then (C1.cod (fst f), C2.cod (snd f)) else Null)

definition comp :: (‘al, 'a2) arr = (‘al, 'a2) arr = ('al, 'a2) arr
where comp g f = (if Arr f A Arr g A Cod f = Dom g then
(C1 (fst g) (fst f), C2 (snd g) (snd [))

else Null)

notation comp (infixr <> 55)

lemma not-Arr-Null:
shows —Arr Null

(proof)
interpretation partial-composition comp
(proof )
notation in-hom (<«-: - — -»)

lemma null-char [simp]:
shows null = Null

(proof )

lemma ide-Ide:
assumes Ide a
shows ide a

(proof)

lemma has-domain-char:
shows domains f # {} «+— Arr f

{proof)

lemma has-codomain-char:
shows codomains f # {} +— Arr f

{proof)

lemma arr-char [iff]:
shows arr f «— Arr f

(proof)

lemma arrlpc [intro|:
assumes C1.arr f1 and C2.arr f2
shows arr (f1, f2)

(proof)

lemma arrE:

assumes a7 f

and Cl.arr (fst f) A C2.arr (snd f) = T
shows T

(proof)

97



lemma seql po [intro]:
assumes C1.seq g1 f1 N C2.seq g2 f2
shows seq (g1, ¢2) (f1, f2)

(proof)

lemma seqEpc [elim]:

assumes seq g f

and C1.seq (fst g) (fst f) = C2.seq (snd g) (snd f) = T
shows T

(proof)

lemma seg-char [iff]:
shows seq g f +— Cl1.seq (fst g) (fst f) A C2.seq (snd g) (snd f)
(proof )

lemma Dom-comp:
assumes seq g f
shows Dom (g - f) = Dom f

{proof)

lemma Cod-comp:
assumes seq g f
shows Cod (g - f) = Cod ¢

{proof)

theorem is-category:
shows category comp

{proof)

sublocale category comp

(proof)

lemma dom-char:
shows dom f = Dom f

{proof)

lemma dom-simp [simp]:
assumes arr f
shows dom f = (C1.dom (fst f), C2.dom (snd f))

{proof)

lemma cod-char:
shows cod f = Cod f

{proof)

lemma cod-simp [simp]:
assumes arr f
shows cod f = (C1.cod (fst ), C2.cod (snd f))
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(proof)

lemma in-homlIpc [intro, simp):
assumes «fst f: fst a —1 fst b» and «snd f: snd a =2 snd b»
shows «f: a — b»

(proof)

lemma in-homEpc [elim]:

assumes «f: a — b»

and «fst f: fst a —1 fst by = «snd f: snd a —o snd by = T
shows T

(proof)

lemma ide-charpc [iff]:
shows ide f +— Ide f

(proof)

lemma comp-char:
shows g - f = (if C1.arr (C1 (fst g) (fst f)) A C2.arr (C2 (snd g) (snd f)) then
(C1 (fst g) (fst f), C2 (snd g) (snd f))
else Null)

(proof)

lemma comp-simp [simp]:
assumes C1.seq (fst g) (fst f) and C2.seq (snd g) (snd f)
shows g - f = (fst g -1 fst f, snd g -2 snd f)

(proof)

lemma iso-char [iff]:
shows iso f «— Cl.iso (fst f) A C2.iso (snd f)
{proof)

lemma isol p¢ [intro, simp]:
assumes C1.iso (fst f) and C2.iso (snd f)
shows iso f

{proof)

lemma isoD:

assumes iso f
shows C1.iso (fst f) and C2.iso (snd f)

{proof)

lemma inv-simp [simp):
assumes iso f
shows inv f = (C1.inv (fst ), C2.inv (snd f))

{proof)

end
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Chapter 14

NaturalTransformation

theory NaturalTransformation
imports Functor
begin

14.1 Definition of a Natural Transformation

As is the case for functors, the “object-free” definition of category makes it possible to
view natural transformations as functions on arrows. In particular, a natural transfor-
mation between functors F' and G from A to B can be represented by the map that takes
each arrow f of A to the diagonal of the square in B corresponding to the transformation
of F' f to G f. The images of the identities of A under this map are the usual components
of the natural transformation. This representation exhibits natural transformations as
a kind of generalization of functors, and in fact we can directly identify functors with
identity natural transformations. However, functors are still necessary to state the defin-
ing conditions for a natural transformation, as the domain and codomain of a natural
transformation cannot be recovered from the map on arrows that represents it.

Like functors, natural transformations preserve arrows and map non-arrows to null.
Natural transformations also “preserve” domain and codomain, but in a more general
sense than functors. The naturality conditions, which express the two ways of factoring
the diagonal of a commuting square, are degenerate in the case of an identity transfor-
mation.

locale natural-transformation =
A: category A +
B: category B +
F: functor A B F +
G: functor A B G
for A :: 'a comp (infixr <-4 55)
and B :: 'b comp (infixr <-p> 55)
and F :: ‘a = b
and G :: ‘a = b
and 7 :: ‘a = b +
assumes extensionality: ~A.arr f = 7 f = B.null
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and preserves-arr [simpl: A.arr f => B.arr (T f)

and naturality! [iff]: Acarr f = G f g7 (Adom f) =71 f
and naturality2 [iff]: A.arr f = 7 (A.cod f) g Ff=71f
begin

lemma preserves-dom [iff]:
assumes A.arr f
shows B.dom (1 f) = F (A.dom f)

{proof)

lemma preserves-cod [iff]:
assumes A.arr f
shows B.cod (T f) = G (A.cod f)

{proof)

lemma naturality:

assumes A.arr f

shows 7 (A.cod f) -p Ff = G f -p 7 (A.dom f)
(proof)

The following fact for natural transformations provides us with the same advantages
as the corresponding fact for functors.

lemma preserves-reflects-arr [iff]:
shows B.arr (1 f) «— A.arr f

(proof)

lemma preserves-hom [introl:
assumes «f : a —4 b»
shows «7 f: Fa —p G b»

(proof)

lemma preserves-comp-1:

assumes A.seq f' f

shows 7 (f'a f)=Gf g7 f
(proof)

lemma preserves-comp-2:

assumes A.seq ' f

shows 7 (f'af)=7f B Ff
(proof )

A natural transformation that also happens to be a functor is equal to its own domain
and codomain.

lemma functor-implies-equals-dom:
assumes functor A B T
shows FF =71

{proof)

lemma functor-implies-equals-cod:
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assumes functor A B 1
shows G =7

{proof)

end

14.2 Components of a Natural Transformation

The values taken by a natural transformation on identities are the components of the
transformation. We have the following basic technique for proving two natural transfor-
mations equal: show that they have the same components.

lemma natural-transformation-eql:

assumes natural-transformation A B F G o and natural-transformation A B F G ¢’
and Aa. partial-composition.ide A a = o a =o' a

shows o = o’/

(proof)

As equality of natural transformations is determined by equality of components, a
natural transformation may be uniquely defined by specifying its components. The
extension to all arrows is given by naturalityl or equivalently by naturality2.

locale transformation-by-components =
A: category A +
B: category B +
F: functor A B F +
G: functor A B G
for A :: 'a comp (infixr <- 4> 55)
and B :: 'b comp (infixr <-p> 55)
and F :: ‘a = 'b
and G :: ‘a="b
and t:: ‘a = 'b +
assumes maps-ide-in-hom [intro]: A.ide a => «ta: Fa —p G a»
and is-natural: A.arr f =t (A.cod f) g Ff=Gf gt (A.domf)
begin

definition map
where map [ = (if A.arr fthen t (A.cod f) -5 F [ else B.null)

lemma map-simp-ide [simp]:
assumes A.ide a
shows map a = t a

(proof)

lemma is-natural-transformation:
shows natural-transformation A B F G map

(proof)

end
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sublocale transformation-by-components C natural-transformation A B F G map

{proof)

lemma transformation-by-components-idem [simp]:
assumes natural-transformation A B F G T
shows transformation-by-components.map A BF T =1

(proof)

14.3 Functors as Natural Transformations

A functor is a special case of a natural transformation, in the sense that the same map
that defines the functor also defines an identity natural transformation.

lemma functor-is-transformation [simpl:
assumes functor A B F
shows natural-transformation A B F F F

(proof)

sublocale functor C as-nat-trans: natural-transformation A B F F F

{proof)

14.4 Constant Natural Transformations

A constant natural transformation is one whose components are all the same arrow.

locale constant-transformation =

A: category A +

B: category B +

F: constant-functor A B B.dom g +

G: constant-functor A B B.cod g
for A :: 'a comp (infixr <-4 55)
and B :: 'b comp (infixr «p) 55)

and g :: 'b +
assumes value-is-arr: B.arr g
begin

definition map
where map f = if A.arr f then g else B.null

lemma map-simp [simp):
assumes A.arr f
shows map f = ¢

(proof)

lemma is-natural-transformation:
shows natural-transformation A B F.map G.map map

(proof)

lemma is-functor-if-value-is-ide:
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assumes B.ide g
shows functor A B map

(proof)
end

sublocale constant-transformation C natural-transformation A B F.map G.map map
(proof)

context constant-transformation
begin

lemma equals-dom-if-value-is-ide:
assumes B.ide g
shows map = F.map

(proof)

lemma equals-cod-if-value-is-ide:
assumes B.ide g
shows map = G.map

(proof)

end

14.5 Vertical Composition

Vertical composition is a way of composing natural transformations o: F — G and 7: G
— H, between parallel functors F, G, and H to obtain a natural transformation from F
to H. The composite is traditionally denoted by 7 o o, however in the present setting this
notation is misleading because it is horizontal composite, rather than vertical composite,
that coincides with composition of natural transformations as functions on arrows.

locale wvertical-composite =
A: category A +
B: category B +
F: functor A B F +
G: functor A B G +
H: functor A B H +
o: natural-transformation A B F G o +
7: natural-transformation A B G H T
for A :: 'a comp (infixr < 4> 55)
and B :: 'b comp (infixr <-p> 55)
and F :: 'a = b
and G :: ‘a = b
and H :: 'a = 'b
and o :: 'a = b
and T : ‘a="b
begin

105



Vertical composition takes an arrow «a : b —4 f» to an arrow in B.hom (F a) (G
b), which we can obtain by forming either of the composites 7 b g o for 7 f -5 0 a,
which are equal to each other.

definition map
where map f = (if A.arr f then 7 (A.cod f) -p o f else B.null)

lemma map-seq:
assumes A.arr f
shows B.seq (1 (A.cod f)) (o f)

(proof)

lemma map-simp-ide:
assumes A.ide a
shows map a =7 a g 0 a

{proof)

lemma map-simp-1:

assumes A.arr f

shows map f =7 (A.cod f) ‘g o f
(proof)

lemma map-simp-2:

assumes A.arr f

shows map f =7 f -5 0 (A.dom f)
(proof)

lemma is-natural-transformation:
shows natural-transformation A B F H map

(proof)

end

sublocale vertical-composite C natural-transformation A B F H map

(proof)
Functors are the identities for vertical composition.

lemma vcomp-ide-dom [simp]:
assumes natural-transformation A B F G T
shows wvertical-composite.map A BF 7 =1

(proof)

lemma vcomp-ide-cod [simp]:
assumes natural-transformation A B F G T
shows wvertical-composite.map A BT G =T

(proof)
Vertical composition is associative.

lemma vcomp-assoc [simp]:
assumes natural-transformation A B F G o
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and natural-transformation A B G H o
and natural-transformation A B H K T
shows vertical-composite.map A B (vertical-composite.map A B o o) T
= vertical-composite.map A B o (vertical-composite.map A B o T)

(proof)

14.6 Natural Isomorphisms

A natural isomorphism is a natural transformation each of whose components is an
isomorphism. Equivalently, a natural isomorphism is a natural transformation that is
invertible with respect to vertical composition.

locale natural-isomorphism = natural-transformation A B F G 7
for A :: 'a comp (infixr <-4 55)

and B :: 'b comp (infixr <-p> 55)

and F' :: 'a = 'b

and G :: ‘a="b

and 7 :: 'a = b +

assumes components-are-iso [simp]: A.ide « = B.iso (T a)
begin

lemma inv-naturality:

assumes A.arr f

shows F f -p B.inv (7 (A.dom f)) = B.inv (1 (A.cod f)) -5 G f
(proof)

Natural isomorphisms preserve isomorphisms, in the sense that the sides of of the
naturality square determined by an isomorphism are all isomorphisms, so the diagonal
is, as well.

lemma preserves-iso:
assumes A.iso f
shows B.iso (1 f)

(proof)

end

Since the function that represents a functor is formally identical to the function
that represents the corresponding identity natural transformation, no additional locale
is needed for identity natural transformations. However, an identity natural transfor-
mation is also a natural isomorphism, so it is useful for functor to inherit from the
natural-isomorphism locale.

sublocale functor C as-nat-iso: natural-isomorphism A B F F F

(proof)

definition naturally-isomorphic
where naturally-isomorphic A B F G = (3 7. natural-isomorphism A B F G )

lemma naturally-isomorphic-respects-full-functor:
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assumes naturally-isomorphic A B F G
and full-functor A B F
shows full-functor A B G

(proof)

lemma naturally-isomorphic-respects-faithful-functor:
assumes naturally-isomorphic A B F G

and faithful-functor A B F

shows faithful-functor A B G

(proof)

locale inverse-transformation =

A: category A +

B: category B +

F: functor A B F +

G: functor A B G +

7: natural-isomorphism A B F G T
for A :: 'a comp (infixr < 4> 55)
and B :: 'b comp (infixr <-p> 55)
and F :: 'a = b
and G :: ‘a="b
and 7 :: ‘a = b
begin

interpretation 7 transformation-by-components A B G F <\a. B.inv (7 a)

(proof )

definition map
where map = 7’.map

lemma map-ide-simp [simp]:

assumes A.ide a

shows map a = B.inv (7 a)
(proof)

lemma map-simp:

assumes A.arr f

shows map f = B.inv (1 (A.cod f)) -5 G f
(proof)

lemma is-natural-transformation:
shows natural-transformation A B G F map

(proof)

lemma inverts-components:
assumes A.ide a
shows B.inverse-arrows (7 a) (map a)

(proof)
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end

sublocale inverse-transformation C natural-transformation A B G F map

{proof)

sublocale inverse-transformation C natural-isomorphism A B G F map

{proof)

lemma inverse-inverse-transformation [simp):
assumes natural-isomorphism A B F G T
shows inverse-transformation.map A B F (inverse-transformation.map A B G 1) = 1

(proof)

locale inverse-transformations =
A: category A +
B: category B +
F: functor A B F +
G: functor A B G +
7: natural-transformation A B F G 7 +
7' natural-transformation A B G F 7'
for A :: 'a comp (infixr < 4> 55)
and B :: 'b comp (infixr «p) 55)
and F :: ‘a = b
and G :: ‘a = "b
and T :‘a="b
and 7':: 'a = b +
assumes inv: A.ide a = B.inverse-arrows (1 a) (7' a)

sublocale inverse-transformations C natural-isomorphism A B F G T

{proof)

sublocale inverse-transformations C natural-isomorphism A B G F 7'

(proof)

lemma inverse-transformations-sym:
assumes inverse-transformations A B F G o o’
shows inverse-transformations A B G F o' o

(proof )

lemma inverse-transformations-inverse:
assumes inverse-transformations A B F G o o’
shows vertical-composite.map A B o o' = F
and wvertical-composite.map A Bo' o = G

(proof)

lemma inverse-transformations-compose:
assumes inverse-transformations A B F G o o’
and inverse-transformations A B G H 7 7'
shows inverse-transformations A B F H
(vertical-composite.map A B o T) (vertical-composite.map A B 1" ¢”)
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(proof)

lemma vertical-composite-iso-inverse [simp):
assumes natural-isomorphism A B F G T
shows wvertical-composite.map A B 7 (inverse-transformation.map A B G 7) = F

(proof)

lemma vertical-composite-inverse-iso [simp]:
assumes natural-isomorphism A B F G T
shows wvertical-composite.map A B (inverse-transformation.map A B G 7) 7 = G

(proof)

lemma natural-isomorphisms-compose:
assumes natural-isomorphism A B F G o and natural-isomorphism A B G H T
shows natural-isomorphism A B F H (vertical-composite.map A B o T)

(proof)

lemma naturally-isomorphic-reflexive:
assumes functor A B F
shows naturally-isomorphic A B F F

(proof)

lemma naturally-isomorphic-symmetric:
assumes naturally-isomorphic A B F G
shows naturally-isomorphic A B G F

(proof)

lemma naturally-isomorphic-transitive [trans:
assumes naturally-isomorphic A B F G

and naturally-isomorphic A B G H

shows naturally-isomorphic A B F H

(proof)

14.7 Horizontal Composition

Horizontal composition is a way of composing parallel natural transformations ¢ from F
to G and 7 from H to K, where functors F' and G map A to B and H and K map B to

C, to obtain a natural transformation from H o F to K o G.

Since horizontal composition turns out to coincide with ordinary composition of nat-
ural transformations as functions, there is little point in defining a cumbersome locale

for horizontal composite.

lemma horizontal-composite:

assumes natural-transformation A B F G o

and natural-transformation B C H K T

shows natural-transformation A C (Ho F) (K o G) (1 0 o)

(proof)

lemma hcomp-ide-dom [simp]:
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assumes natural-transformation A B F G T
shows 7 o (identity-functor.map A) = 1

(proof)

lemma hcomp-ide-cod [simp]:

assumes natural-transformation A B F G T
shows (identity-functor.map B) o7 = 7
(proof)

Horizontal composition of a functor with a vertical composite.

lemma whisker-right:

assumes functor A B F

and natural-transformation B C H K 7 and natural-transformation B C K L 7’

shows (vertical-composite.map B C 7 7') 0o F = vertical-composite.map A C (1 o F) (7" 0 F)

(proof)
Horizontal composition of a vertical composite with a functor.

lemma whisker-left:

assumes functor B C K

and natural-transformation A B F G T and natural-transformation A B G H 7’

shows K o (vertical-composite.map A B T 7') = vertical-composite.map A C (K o 7) (K o 7')

(proof )
The interchange law for horizontal and vertical composition.

lemma interchange:

assumes natural-transformation B C' F G 7 and natural-transformation B C G H v

and natural-transformation C D K L o and natural-transformation C D L M p

shows wvertical-composite.map C D o pu o vertical-composite.map B C 7 v =
vertical-composite.map B D (o o T) (o v)

(proof)

A special-case of the interchange law in which two of the natural transformations are
functors. It comes up reasonably often, and the reasoning is awkward.

lemma interchange-spc:

assumes natural-transformation B C' F G o

and natural-transformation C D H K T

shows 7 o o = vertical-composite.map B D (H o o) (1 o G)
and 7 o ¢ = vertical-composite.map B D (1 o F) (K 0 0)

(proof)

end
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Chapter 15

BinaryFunctor

theory BinaryFunctor
imports ProductCategory NaturalTransformation
begin

This theory develops various properties of binary functors, which are functors defined
on product categories.

locale binary-functor =

Al: category A1 +

A2: category A2 +

B: category B +

Al1zA2: product-category A1 A2 +

functor AlxA2.comp B F
for A1 :: 'al comp (infixr < 41> 55)
and A2 :: ‘a2 comp  (infixr < 49> 55)
and B :: 'b comp (infixr <> 55)
and F :: 'al * a2 = b

begin
notation A71.in-hom  (<4-:- =41 -»)
notation A2.in-hom  (<&-: - =42 -»)
end

A product functor is a binary functor obtained by placing two functors in parallel.

locale product-functor =
Al: category A1 +
A2: category A2 +
B1: category B1 +
B2: category B2 +
F1: functor A1 B1 F1 +
F2: functor A2 B2 F2 +
Al1xA2: product-category A1 A2 +
B1xB2: product-category B1 B2
for A1 :: 'al comp  (infixr ¢ 41> 55)
and A2 :: ‘a2 comp  (infixr < 49> 55)
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and BI :: 'b1 comp  (infixr <p1» 55)
and B2 :: 'b2 comp  (infixr ¢ po» 55)
and FI :: ‘al = b1

and F2 :: ‘a2 = b2

begin

notation A1zA2.comp  (infixr 41,42 55)
notation BizB2.comp (infixr < pi.p2 55)

notation AI1.in-hom (¢4-: - =41 -)
notation A2.in-hom  (<4-: - =42 -»)
notation BI.in-hom  (<«-: - —p1 -»)
notation B2.in-hom  (<«-: - —p2 -»)
notation AIzA2.in-hom (<4-: - = A1542 -»)
notation BlzB2.in-hom (<&-: - = p1zp2 -M)

definition map
where map f = (if Al.arr (fst f) A A2.arr (snd f)
then (F'1 (fst f), F2 (snd f)) else (F1 Al.null, F2 A2.null))

lemma map-simp [simp]:

assumes AI1zA2.arr f

shows map f = (F1 (fst f), F2 (snd f))
(proof)

lemma is-functor:
shows functor A1xA2.comp B1zB2.comp map
(proof )

end

sublocale product-functor C functor AlzA2.comp B1xB2.comp map

(proof)
sublocale product-functor C binary-functor A1 A2 B1xB2.comp map (proof)

The following locale is concerned with a binary functor from a category to itself.
It defines related functors that are useful when considering monoidal structure on a
category.

locale binary-endofunctor =
C: category C +
CC': product-category C C +
CCC: product-category C CC.comp +
binary-functor C C C' T
for C :: 'a comp (infixr <> 55)
and T :: 'a x 'a = ’a
begin

definition ToTC
where ToTC f = if CCC.arr fthen T (T (fst f, fst (snd f)), snd (snd f)) else C.null
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lemma functor-ToTC"
shows functor CCC.comp C ToTC

(proof)

lemma ToTC-simp [simp]:
assumes C.arr f and C.arr g and C.arr h
shows ToTC (f, g, h) = T (T (f, 9), h)

{proof)

definition ToCT
where ToCT f = if CCC.arr fthen T (fst f, T (fst (snd f), snd (snd f))) else C.null

lemma functor-ToCT:
shows functor CCC.comp C ToCT

(proof)

lemma ToCT-simp [simp]:
assumes C.arr f and C.arr g and C.arr h
shows ToCT (f, g, h) = T (f, T (g, h))

{proof)

end
A symmetry functor is a binary functor that exchanges its two arguments.

locale symmetry-functor =

Al: category A1 +

A2: category A2 +

Al1xA2: product-category A1 A2 +
A2zA1: product-category A2 Al

for A1 :: 'al comp (infixr < 41> 55)
and A2 :: ‘a2 comp  (infixr < 49> 55)
begin

notation A1zA2.comp  (infixr <A1,42> 55)
notation A2zA1.comp (infixr 42,41 55)
notation AI1xA2.in-hom (<&-: - = A1042 -H)
notation A2xA1.in-hom (<4-: - = A2,41 -»)

definition map :: 'al * ‘a2 = ‘a2 * 'al
where map f = (if AlxA2.arr f then (snd f, fst f) else A2zA1.null)

lemma map-simp [simp]:
assumes AI1zA2.arr f
shows map f = (snd f, fst f)

(proof)

lemma is-functor:
shows functor A1zA2.comp A2xA1.comp map

(proof)
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end

sublocale symmetry-functor C functor A1zA2.comp A2xAl.comp map

(proof)
sublocale symmetry-functor C binary-functor A1 A2 A2xA1.comp map (proof)

context binary-functor
begin

abbreviation sym
where sym = (\f. F (snd f, fst f))

lemma sym-is-binary-functor:
shows binary-functor A2 A1 B sym
(proof )

Fixing one or the other argument of a binary functor to be an identity yields a functor
of the other argument.

lemma fixing-ide-gives-functor-1:
assumes Al.ide al
shows functor A2 B (Af2. F (al, f2))

(proof)

lemma fixing-ide-gives-functor-2:
assumes A2.ide a2
shows functor A1 B (Af1. F (f1, a2))

(proof)

Fixing one or the other argument of a binary functor to be an arrow yields a natural
transformation.

lemma fixing-arr-gives-natural-transformation-1:

assumes Al.arr f1

shows natural-transformation A2 B (A\2. F (Al.dom f1, f2)) (\2. F (Al.cod f1, [2))
(Af2. F (f1, f2))

(proof )

lemma fixing-arr-gives-natural-transformation-2:

assumes A2.arr f2

shows natural-transformation A1 B (M1. F (f1, A2.dom f2)) (M1. F (f1, A2.cod [2))
(M1. F (f1, f2))

{proof )

Fixing one or the other argument of a binary functor to be a composite arrow yields
a natural transformation that is a vertical composite.

lemma preserves-comp-1:
assumes Al1.seq f1' f1
shows (Af2. F (f1'-41 f1, f2)) =
vertical-composite.map A2 B (A\f2. F (f1, f2)) (\f2. F (f1', f2))
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{proof)

lemma preserves-comp-2:
assumes A2.seq f2' f2
shows (\f1. F (f1, f2' -42 f2)) =
vertical-composite.map A1 B (A1. F (f1, f2)) (\f1. F (f1, 2"))
(proof )

end

A binary functor transformation is a natural transformation between binary functors.
We need a certain property of such transformations; namely, that if one or the other
argument is fixed to be an identity, the result is a natural transformation.

locale binary-functor-transformation =
Al: category A1 +
A2: category A2 +
B: category B +
Al1zA2: product-category A1 A2 +
F: binary-functor A1 A2 B F +
G: binary-functor A1 A2 B G +
natural-transformation AlzA2.comp B F G 7
for A1 :: 'al comp  (infixr 41> 55)
and A2 :: ‘a2 comp  (infixr ¢ 40> 55)
and B :: 'b comp (infixr <-p> 55)
and F :: 'al x a2 = b
and G :: ‘al * 'a2 = b
and 7 :: ‘al * ‘a2 = b
begin

notation A1zA2.comp  (infixr 41,420 55)
notation A1zA2.in-hom (<4-: - = A1z42 -H)

lemma firing-ide-gives-natural-transformation-1:
assumes A/l.ide al
shows natural-transformation A2 B (\f2. F (al, f2)) (A\f2. G (a1, f2)) (\f2. T (al, f2))

(proof)
lemma fizing-ide-gives-natural-transformation-2:

assumes A2.ide a2
shows natural-transformation A1 B (Af1. F (f1, a2)) (Mf1. G (f1, a2)) (MfI. T (f1, a2))

{proof)

end

end
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Chapter 16

FunctorCategory

theory FunctorCategory
imports ConcreteCategory BinaryFunctor
begin

The functor category [A, B] is the category whose objects are functors from A to B
and whose arrows correspond to natural transformations between these functors.

16.1 Construction

Since the arrows of a functor category cannot (in the context of the present develop-
ment) be directly identified with natural transformations, but rather only with natural
transformations that have been equipped with their domain and codomain functors, and
since there is no natural value to serve as null, we use the general-purpose construction
given by concrete-category to define this category.

locale functor-category =

A: category A +

B: category B
for A ::'a comp  (infixr <-4 55)
and B :: 'b comp (infixr < p> 55)

begin
notation A.in-hom  (<«-: - =4 -»)
notation B.in-hom  (<«-: - —p -»)

type-synonym (‘aa, 'bb) arr = (‘aa = 'bb, ‘aa = 'bb) concrete-category.arr

sublocale concrete-category «Collect (functor A B))
(AF G. Collect (natural-transformation A B F G)» <\F. F»
(AF G H 7 0. vertical-composite.map A B o T»

(proof)

lemma is-concrete-category:
shows concrete-category (Collect (functor A B))
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(AF G. Collect (natural-transformation A B F G)) (A\F. F)
(AF' G H 7 0. vertical-composite.map A B o T)

(proof)
abbreviation comp (infixr <> 55)
where comp = COMP
notation in-hom (<4-: - = -m)

lemma is-category:
shows category comp
(proof)

lemma arrl [intro]:
assumes f # null and natural-transformation A B (Dom f) (Cod f) (Map f)
shows arr f

(proof)

lemma arrE [elim]:

assumes arr f

and f # null = natural-transformation A B (Dom f) (Cod f) (Map f) = T
shows T

(proof)

lemma arr-MkArr [iff]:
shows arr (MkArr F G 7) +— natural-transformation A BF G 1

(proof)

lemma ide-char [iff]:
shows ide t «+— t # null A functor A B (Map t) A Dom t = Map t A Cod t = Map t
(proof )

end

16.2 Additional Properties

In this section some additional facts are proved, which make it easier to work with the
functor-category locale.

context functor-category
begin

lemma Map-comp [simp]:

assumes seq t' t and A.seq a’ a

shows Map (t' - t) (o’ -4 a) = Map t' o' -p Map t a
(proof )

lemma Map-comp":
assumes seq t' t
shows Map (t’ - t) = vertical-composite.map A B (Map t) (Map t’)
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{proof)

lemma MkArr-eql:

assumes ' = F'and G = G'and 7 = 7'

shows MkArr F G 7 = MkArr F' G’ 7/
(proof)

lemma iso-char [iff]:
shows iso t «— t # null A natural-isomorphism A B (Dom t) (Cod t) (Map t)

(proof )

end

16.3 Evaluation Functor

This section defines the evaluation map that applies an arrow of the functor category [A,
B] to an arrow of A to obtain an arrow of B and shows that it is functorial.

locale evaluation-functor =
A: category A +
B: category B +
A-B: functor-category A B +
A-BzA: product-category A-B.comp A

for A :: 'a comp (infixr <-4 55)

and B :: 'b comp (infixr <-p> 55)

begin
notation A-B.comp (infixr <[4,B) 59)
notation A-BzA.comp (infixr <[4, Bjza> 55)
notation A-B.in-hom (¢4- 1 - =a,B) M)
notation A-BzA.in-hom (44- 1 - —=[A,Bjza M)

definition map
where map Fg = if A-BxA.arr Fg then A-B.Map (fst Fg) (snd Fg) else B.null

lemma map-simp:
assumes A-BzA.arr Fg
shows map Fg = A-B.Map (fst Fg) (snd Fg)

(proof)

lemma is-functor:
shows functor A-BzA.comp B map

{proof)

end
sublocale evaluation-functor C functor A-BxA.comp B map

{proof)

sublocale evaluation-functor C binary-functor A-B.comp A B map (proof)
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16.4 Currying

This section defines the notion of currying of a natural transformation between binary
functors, to obtain a natural transformation between functors into a functor category,
along with the inverse operation of uncurrying. We have only proved here what is needed
to establish the results in theory Limit about limits in functor categories and have not
attempted to fully develop the functoriality and naturality properties of these notions.

locale currying =
Al: category A1 +
A2: category A2 +
B: category B

for A1 :: 'al comp (infixr < 41> 55)
and A2 :: ‘a2 comp (infixr < 42> 59)
and B :: 'b comp (infixr <p> 55)
begin

interpretation A1zxA2: product-category A1 A2 (proof)
interpretation A2-B: functor-category A2 B (proof)
interpretation A2-BzA2: product-category A2-B.comp A2 (proof)
interpretation E: evaluation-functor A2 B (proof)

notation A1xA2.comp (infixr <-g1,42> 59)
notation A2-B.comp (infixr <[a2,B) 95)
notation A2-BrA2.comp (infixr (a2, Bjza2) 55)
notation AI1zA2.in-hom (<41 - = a12042 M)
notation A2-B.in-hom (¢4- 1 - —1a2,B) M)
notation A2-BzA2.in-hom (¢4-: - —1A2,BjzA2 -»)

A proper definition for curry requires that it be parametrized by binary functors F'
and G that are the domain and codomain of the natural transformations to which it is
being applied. Similar parameters are not needed in the case of uncurry.

definition curry :: (‘al x ‘a2 = 'b) = (‘al x ‘a2 = 'b) = (‘al x ‘a2 = 'b)

= 'al = (‘a2, ') A2-B.arr
where curry F G 7 f1 = (if Al.arr f1 then
A2-B.MkArr (\f2. F (A1.dom f1, f2)) (\f2. G (Al.cod f1, f2))

(Af2. 7 (f1, f2))
else A2-B.null)

definition uncurry :: (‘al = ('a2, 'b) A2-B.arr) = 'al x a2 = 'b
where uncurry 7 f = if AlzA2.arr f then E.map (7 (fst f), snd f) else B.null

lemma curry-simp:

assumes Al.arr f1

shows curry F G 7 fl = A2-B.MkArr (\f2. F (A1.dom f1, f2)) (\f2. G (A1.cod f1, f2))
(oroof) (Af2. 7 (f1, f2))
proof

lemma uncurry-simp:
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assumes AIzA2.arr f
shows uncurry 7 f = E.map (7 (fst f), snd f)

(proof)

lemma curry-in-hom:

assumes f1: Al.arr f1

and natural-transformation AlzA2.comp B F G T

shows «curry ' G 7 f1 : curry F F F (Al.dom f1) —a2,B] curry G G G (Al.cod f1)»

{proof)

lemma curry-preserves-functors:
assumes functor Al1zA2.comp B F
shows functor A1 A2-B.comp (curry F F F)

{proof)

lemma curry-preserves-transformations:
assumes natural-transformation AlxA2.comp B F G T
shows natural-transformation A1 A2-B.comp (curry F F F) (curry G G G) (curry F G 1)

{proof)

lemma uncurry-preserves-functors:
assumes functor A1 A2-B.comp F
shows functor A1zA2.comp B (uncurry F)

{proof)

lemma uncurry-preserves-transformations:
assumes natural-transformation A1 A2-B.comp F G T
shows natural-transformation A1zA2.comp B (uncurry F) (uncurry G) (uncurry 7)

{proof)

lemma uncurry-curry:
assumes natural-transformation A1xA2.comp B F G 7
shows uncurry (curry F G 1) = 7

{proof)

lemma curry-uncurry:

assumes functor A1 A2-B.comp F and functor A1 A2-B.comp G
and natural-transformation A1 A2-B.comp F G 7

shows curry (uncurry F) (uncurry G) (uncurry 7) = 7

{proof)

end

locale curried-functor =
currying A1 A2 B +
Al1zA2: product-category A1 A2 +
A2-B: functor-category A2 B +
F: binary-functor A1 A2 B F
for A1 :: 'al comp (infixr <-41> 55)
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and A2 :: ‘a2 comp (infixr < 49> 55)

and B :: 'b comp (infixr <p> 55)

and F :: 'al x a2 = b

begin
notation A1zA2.comp (infixr <A1,42> 59)
notation A2-B.comp (infixr (42,8 95)
notation AI1zA2.in-hom (<41 - = a1242 M)
notation A2-B.in-hom (¢4- 1 - =a2,B8) M)

definition map
where map = curry F F F

lemma map-simp [simp):
assumes Al.arr f1
shows map f1 =
A2-B.MkArr (\f2. F (Al.dom f1, f2)) (\f2. F (Al.cod f1, f2)) (A\f2. F (f1, f2))

(proof)

lemma is-functor:
shows functor A1 A2-B.comp map

(proof)

end

sublocale curried-functor C functor A1 A2-B.comp map

{proof)

locale curried-functor’ =
Al: category A1 +
A2: category A2 +
Al1xA2: product-category A1 A2 +
currying A2 A1 B +
F: binary-functor A1 A2 B F +
A1-B: functor-category A1 B

for A1 :: 'al comp (infixr <- 41> 55)

and A2 :: ‘a2 comp (infixr <- 42> 55)

and B :: 'b comp (infixr < p> 55)

and F :: 'al * 'a2 = ')

begin
notation A1zA2.comp (infixr <-41,42> 59)
notation A1-B.comp (infixr <[a1,Bp 95)
notation AI1zA2.in-hom (<41 - = a12042 M)
notation AI-B.in-hom (¢4- 1 - —=a1,B8) M)

definition map
where map = curry F.sym F.sym F.sym
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lemma map-simp [simp]:
assumes A2.arr f2

shows map f2 =
A1-B.MEArr (\f1. F (ft, A2.dom f2)) (\fl. F (f1, A2.cod f2)) (A\fl. F (f1, f2))

(proof)

lemma is-functor:
shows functor A2 A1-B.comp map

{proof)

end

sublocale curried-functor’ C functor A2 Al1-B.comp map

{proof)

end
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Chapter 17

Yoneda

theory Yoneda
imports DualCategory SetCat FunctorCategory
begin

This theory defines the notion of a “hom-functor” and gives a proof of the Yoneda
Lemma. In traditional developments of category theory based on set theories such as
ZFC, hom-functors are normally defined to be functors into the large category Set whose
objects are of all sets and whose arrows are functions between sets. However, in HOL
there does not exist a single “type of all sets”, so the notion of the category of all sets
and functions does not make sense. To work around this, we consider a more general
setting consisting of a category C' together with a set category S and a function ¢ such
that whenever b and a are objects of C then ¢ (b, a) maps C.hom b a injectively to
S.Univ. We show that these data induce a binary functor Hom from CopxC to S in
such a way that ¢ is rendered natural in (b, a). The Yoneda lemma is then proved for
the Yoneda functor determined by Hom.

17.1 Hom-Functors

A hom-functor for a category C' allows us to regard the hom-sets of C as objects of a
category S of sets and functions. Any description of a hom-functor for C' must therefore
specify the category S and provide some sort of correspondence between arrows of C
and elements of objects of S. If we are to think of each hom-set C.hom b a of C as
corresponding to an object Hom (b, a) of S then at a minimum it ought to be the case
that the correspondence between arrows and elements is bijective between C.hom b a
and Hom (b, a). The hom-functor locale defined below captures this idea by assuming
a set category S and a function ¢ taking arrows of C to elements of S.Univ, such that ¢
is injective on each set C.hom b a. We show that these data induce a functor Hom from
Copx C to S in such a way that ¢ becomes a natural bijection between C.hom b a and
Hom (b, a).
locale hom-functor =
C: category C +
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S: set-category S setp
for C :: 'c comp (infixr <> 55)
and S :: 's comp (infixr ¢<g> 55)
and setp :: 's set = bool
and p:: ‘cx 'c = 'c = s +
assumes maps-arr-to-Univ: C.arr f = ¢ (C.dom f, C.cod f) f € S.Univ
and local-ing: | C.ide b; C.ide a | = inj-on (¢ (b, a)) (C.hom b a)
and small-homs: [ C.ide b; C.ide a | = setp (¢ (b, a) * C.hom b a)
begin

sublocale Cop: dual-category C' (proof)
sublocale CopxC': product-category Cop.comp C {proof)

notation S.in-hom  (<«-: - —g -»)
notation CopzC.comp (infixr <@ 55)
notation CopzC.in-hom (<«-: - = -»)

definition set
where set ba = ¢ (fst ba, snd ba) < C.hom (fst ba) (snd ba)

lemma set-subset- Univ:
assumes C.ide b and C.ide a
shows set (b, a) C S.Univ

(proof)

definition ¢ :: ‘c x 'c = 's = 'c
where ¢ ba = inv-into (C.hom (fst ba) (snd ba)) (¢ ba)

lemma p-mapsto:
assumes C.ide b and C.ide a
shows ¢ (b, a) € C.hom b a — set (b, a)

(proof)

lemma -mapsto:
assumes C.ide b and C.ide a
shows ¢ (b, a) € set (b, a) - C.hom b a

(proof)

lemma - [simp]:

assumes «f : b — a»

shows ¢ (b7 a) (¢ (b, a) f) =f
(proof )

lemma ¢~ [simp]:

assumes C.ide b and C.ide a

and z € set (b, a)

shows ¢ (b, a) (¢ (b, a) 2) =z
(proof )
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lemma -img-set:

assumes C.ide b and C.ide a

shows v (b, a) ‘set (b, a) = C.hom b a
(proof)

A hom-functor maps each arrow (g, f) of CopzC to the arrow of the set category S
corresponding to the function that takes an arrow h of () to the arrow f - h - g of (*)
obtained by precomposing with ¢ and postcomposing with f.

definition map
where map gf =
(if CopzC.arr gf then
S.mkArr (set (CopzC.dom gf)) (set (CopzC.cod gf))

(¢ (CopzC.cod gf) o (Ah. snd gf - h - fst gf) o ¥ (CopzC.dom gf))
else S.null)

lemma arr-map:
assumes CopzC.arr gf
shows S.arr (map gf)

{proof)

lemma map-ide [simp]:

assumes C.ide b and C.ide a

shows map (b, a) = S.mklde (set (b, a))
(proof)

lemma set-map:

assumes C.ide a and C.ide b

shows S.set (map (b, a)) = set (b, a)
(proof)

The definition does in fact yield a functor.
sublocale functor CopzC.comp S map

(proof )

lemma is-functor:
shows functor CopzC.comp S map (proof)

sublocale binary-functor Cop.comp C S map (proof)
lemma is-binary-functor:
shows binary-functor Cop.comp C S map (proof)

The map ¢ determines a bijection between C.hom b a and set (b, a) which is natural
in (b, a).
lemma p-local-bij:
assumes C.ide b and C.ide a
shows bij-betw (¢ (b, a)) (C.hom b a) (set (b, a))
(proof)
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lemma p-natural:
assumes C.arr g and C.arr f and h € C.hom (C.cod g) (C.dom f)
shows ¢ (C.dom g, C.cod f) (f - b - g) = S.Fun (map (g, f)) (¢ (C.cod g, C.dom f) h)

{proof)

lemma Dom-map:
assumes C.arr g and C.arr f
shows S.Dom (map (g, f)) = set (C.cod g, C.dom f)

{proof)

lemma Cod-map:
assumes C.arr g and C.arr f
shows S.Cod (map (g, f)) = set (C.dom g, C.cod f)

{proof)

lemma Fun-map:
assumes C.arr g and C.arr f
shows S.Fun (map (g, f)) =
restrict (¢ (C.dom g, C.cod f) o (Ah. f - h - g) o (C.cod g, C.dom f))
(set (C.cod g, C.dom f))

(proof)

lemma map-simp-1:
assumes C.arr g and C.ide a
shows map (g, a) = S.mkArr (set (C.cod g, a)) (set (C.dom g, a))
(¢ (C.dom g, a) o Cop.comp g o ¢ (C.cod g, a))

{proof)

lemma map-simp-2:

assumes C.ide b and C.arr f

shows map (b, f) = S.mkArr (set (b, C.dom f)) (set (b, C.cod f))
(¢ (b, C.cod f) o C fo (b, C.dom f))

(proof)

end

Every category C has a hom-functor: take S to be the replete set category generated
by the arrow type ‘a of C' and take ¢ (b, a) to be the map S.UP :: 'a = 'a SC.arr.

context category
begin

interpretation S: replete-setcat < TYPE('a)y {proof)

lemma has-hom-functor:
shows hom-functor C' S.comp S.setp (A-. S.UP)

(proof)

end

The locales set-valued-functor and set-valued-transformation provide some abbrevia-
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tions that are convenient when working with functors and natural transformations into
a set category.

locale set-valued-functor =
C: category C +
S: set-category S setp +
functor C S F
for C :: 'c comp
and S :: 's comp
and setp :: 's set = bool
and F :: 'c = s

begin

abbreviation SET :: 'c = s set
where SET a = S.set (F a)

abbreviation DOM :: 'c = 's set
where DOM f = S.Dom (F f)

abbreviation COD :: 'c = 's set
where COD f = S.Cod (F f)

abbreviation FUN :: 'c = s = 's
where FUN f = S.Fun (F f)

end

locale set-valued-transformation =
C: category C +
S: set-category S setp +
F: set-valued-functor C'S setp F +
G: set-valued-functor C' S setp G +
natural-transformation C S F G T

for C :: 'c comp

and S :: 's comp

and setp :: 's set = bool

and F :: 'c = s

and G :: ‘c = s

and T ‘c='s

begin

abbreviation DOM :: 'c = 's set
where DOM f = S.Dom (7 f)

abbreviation COD :: 'c = 's set
where COD f = S.Cod (7 f)

abbreviation FUN :: 'c = 's = s
where FUN f = S.Fun (7 f)
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end

17.2 Yoneda Functors

A Yoneda functor is the functor from C to [Cop, S] obtained by “currying” a hom-functor
in its first argument.

locale yoneda-functor =
C: category C +
Cop: dual-category C +
CopxC': product-category Cop.comp C +
S: set-category S setp +
Hom: hom-functor C S setp ¢
for C :: 'c comp (infixr <> 55)
and S :: 's comp (infixr <> 55)
and setp :: 's set = bool
and ¢ : ‘cx 'c = 'c = s
begin

sublocale Cop-S: functor-category Cop.comp S (proof)
sublocale curried-functor’ Cop.comp C' S Hom.map {proof)

notation Cop-S.in-hom (<«-: - —[Cop,5] -»?)

abbreviation
where ¢ = Hom.¢

An arrow of the functor category [Cop, S| consists of a natural transformation bun-
dled together with its domain and codomain functors. However, when considering a
Yoneda functor from C' to [Cop, S] we generally are only interested in the mapping Y
that takes each arrow f of C to the corresponding natural transformation Y f The
domain and codomain functors are then the identity transformations ¥ (C.dom f) and
Y (C.cod f).

definition Y
where Y f = Cop-S.Map (map f)

lemma Y-simp [simp):
assumes C.arr f
shows Y f = (Ag. Hom.map (g, f))

(proof)

lemma Y-ide-is-functor:
assumes C.ide a
shows functor Cop.comp S (Y a)

(proof)

lemma Y-arr-is-transformation:
assumes C.arr f
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shows natural-transformation Cop.comp S (Y (C.dom f)) (Y (C.cod f)) (Y f)
(proof)

lemma Y-ide-arr [simp):
assumes a: C.ide a and «g : b’ — b»
shows «Y a g : Hom.map (b, a) —s Hom.map (b’, a)»
and Y a g = S.mkArr (Hom.set (b, a)) (Hom.set (b’, a)) (¢ (b', a) o Cop.comp g o ¢ (b,
2)
{proof)

lemma Y-arr-ide [simp]:

assumes C.ide b and «f : a — a'»

shows «Y fb: Hom.map (b, a) —s Hom.map (b, a’)»

and Y f b = S.mkArr (Hom.set (b, a)) (Hom.set (b, a’)) (¢ (b, a’) o Cfo ) (b, a))
(proof)

end

locale yoneda-functor-fixed-object =
yoneda-functor +

fixes a

assumes ide-a: C.ide a

begin

sublocale functor Cop.comp S <Y a»

(proof)

sublocale set-valued-functor Cop.comp S setp <Y a> (proof)

end

The Yoneda lemma states that, given a category C and a functor F' from Cop to
a set category S, for each object a of C, the set of natural transformations from the
contravariant functor Y a to F' is in bijective correspondence with the set F.SET a of
elements of F a.

Explicitly, if e is an arbitrary element of the set F.SET a, then the functions \z.
F.FUN (¢ (b, a) z) e are the components of a natural transformation from Y a to F.
Conversely, if 7 is a natural transformation from Y a to F, then the component 7 b of 7
at an arbitrary object b is completely determined by the single arrow 7.FUN a (¢ (a, a)
a))), which is the the element of F.SET a that corresponds to the image of the identity
a under the function 7.FUN a. Then 7 b is the arrow from Y a b to F' b corresponding
to the function Az. (F.FUN (¢ (b, a) z) (1. FUN a (¢ (a, a) a))) from S.set (Y a b) to
F.SET b.

The above expressions look somewhat more complicated than the usual versions due
to the need to account for the coercions ¢ and .

locale yoneda-lemma =
yoneda-functor-fixed-object C' S setp ¢ a +
F: set-valued-functor Cop.comp S setp F
for C :: 'c comp (infixr ¢-» 55)
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and S :: 's comp (infixr s> 55)
and setp :: 's set = bool
and ¢ : ‘cx ‘c = 'c = s

and F :: 'c = 's

and a :: 'c
begin

The mapping that evaluates the component 7 a at a of a natural transformation 7
from Y to F on the element ¢ (a, a) a of SET a, yielding an element of F.SET a.

definition € :: ('c = 's) = s

where £ 7 = S.Fun (7 a) (¢ (a, a) a)

The mapping that takes an element e of F.SET a and produces a map on objects of
C whose value at b is the arrow of S corresponding to the function (Az. F.FUN (¢ (b,
a) =) e) € Hom.set (b, a) — F.SET b.

definition 7, :: 's = ‘c = ’s
where T, e b = S.mkArr (Hom.set (b, a)) (F.SET b) (Az. F.FUN (¢ (b, a) z) €)

lemma T ,-in-hom:
assumes e: ¢ € S.set (F a) and b: C.ide b
shows «7,eb: Yab—g F b»

{proof)

For each e € F.SET a, the mapping T, e gives the components of a natural trans-
formation 7 from Y a to F.

lemma T ,-induces-transformation:
assumes e: e € S.set (F a)
shows transformation-by-components Cop.comp S (Y a) F (T, €)

(proof)

definition 7 :: 's = c = s
where T e = transformation-by-components.map Cop.comp S (Y a) (T, e)

end

locale yoneda-lemma-fized-e =
yoneda-lemma +

fixes e

assumes E: e € F.SET a

begin

interpretation 7 e: transformation-by-components Cop.comp S <Y a» F T, e»

(proof)
sublocale T e: natural-transformation Cop.comp S <Y ay F <T e

(proof)

lemma natural-transformation-T e:
shows natural-transformation Cop.comp S (Y a) F (T e) (proof)
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lemma 7 e-ide:

assumes Cop.ide b

shows S.arr (T e b)

and 7 e b = S.mkArr (Hom.set (b, a)) (F.SET b) (Axz. F.FUN (¢ (b, a) z) e)

(proof)

end

locale yoneda-lemma-fixed-T =

yoneda-lemma +

7: natural-transformation Cop.comp S <Y a> F 7
for 7
begin

sublocale 7: set-valued-transformation Cop.comp S setp <Y a» F 7 (proof)

The key lemma: The component 7 b of 7 at an arbitrary object b is completely
determined by the single element 7.FUN a (¢ (a, a) a) € F.SET a.
lemma T7-ide:
assumes b: Cop.ide b
shows 7 b = S.mkArr (Hom.set (b, a)) (F.SET b)
(Ax. (F.FUN (¢ (b, a) z) (t.FUN a (¢ (a, a) a))))
(proof)

Consequently, if 7/ is any natural transformation from Y a to F that agrees with 7
at a, then 7/ = 7.
lemma eql:

assumes natural-transformation Cop.comp S (Y a) F7'and 7" a =7 a
shows 7' =1

{proof)

end

context yoneda-lemma
begin
One half of the Yoneda lemma: The mapping 7 is an injection, with left inverse &,
from the set F.SET a to the set of natural transformations from Y a to F.
lemma T -is-injection:
assumes e € F.SET a
shows natural-transformation Cop.comp S (Y a) F (T e¢)and € (T e) = e

{proof)

lemma E7-mapsto:
assumes natural-transformation Cop.comp S (Y a) F 1
shows £ 7 € F.SET a

{proof)

The other half of the Yoneda lemma: The mapping T is a surjection, with right
inverse &, taking natural transformations from Y a to F to elements of F.SET a.
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lemma T -is-surjection:

assumes natural-transformation Cop.comp S (Y a) F 7
shows 7 (£ 7) =171

(proof )

The main result.

theorem yoneda-lemma:
shows bij-betw T (F.SET a) {7. natural-transformation Cop.comp S (Y a) F 7}

{proof)

end

We now consider the special case in which F is the contravariant functor Y a’. Then
for any e in Hom.set (a, a’) we have T e = Y (¢ (a, a’) €), and T is a bijection from
Hom.set (a, a’) to the set of natural transformations from Y a to Y a’. It then follows
that that the Yoneda functor Y is a fully faithful functor from C' to the functor category
[Cop, S].

locale yoneda-lemma-for-hom =
yoneda-functor-fixed-object C S setp ¢ a +
Ya': yoneda-functor-fized-object C S setp ¢ a’ +
yoneda-lemma C S setp ¢ Y a' a

for C :: 'c comp (infixr > 55)

and S :: 's comp (infixr s> 55)

and setp :: 's set = bool

and ¢ : ‘cx ‘e = 'c = s

and a :: c

and o’ :: 'c +

assumes ide-a’: C.ide a’

begin

In case F is the functor Y a', for any e € Hom.set (a, a’) the induced natural
transformation 7 e from Y a to Y a'is just Y (¢ (a, a') e).

lemma app-T -equals:

assumes e: e € Hom.set (a, a’)

shows T e=Y (¢ (a, a’) €)

(proof )

lemma is-injective-on-homs:

shows inj-on map (C.hom a a’)

(proof )

end

context yoneda-functor
begin

sublocale faithful-functor C Cop-S.comp map
(proof)
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lemma is-faithful-functor:
shows faithful-functor C Cop-S.comp map

(proof)

sublocale full-functor C Cop-S.comp map
(proof)

lemma is-full-functor:
shows full-functor C' Cop-S.comp map

(proof)
sublocale fully-faithful-functor C Cop-S.comp map (proof)
end

end

134



Chapter 18

Adjunction

theory Adjunction
imports Yoneda
begin

This theory defines the notions of adjoint functor and adjunction in various ways
and establishes their equivalence. The notions “left adjoint functor” and “right adjoint
functor” are defined in terms of universal arrows. “Meta-adjunctions” are defined in
terms of natural bijections between hom-sets, where the notion of naturality is axioma-
tized directly. “Hom-adjunctions” formalize the notion of adjunction in terms of natural
isomorphisms of hom-functors. “Unit-counit adjunctions” define adjunctions in terms of
functors equipped with unit and counit natural transformations that satisfy the usual
“triangle identities.” The adjunction locale is defined as the grand unification of all the
definitions, and includes formulas that connect the data from each of them. It is shown
that each of the definitions induces an interpretation of the adjunction locale, so that all
the definitions are essentially equivalent. Finally, it is shown that right adjoint functors
are unique up to natural isomorphism.

The reference [7] was useful in constructing this theory.

18.1 Left Adjoint Functor

“e is an arrow from F z to y.”

locale arrow-from-functor =
C: category C +
D: category D +
F: functor D C F
for D :: 'd comp  (infixr ¢p> 55)
and C :: ‘c comp  (infixr <¢> 55)
and F :: 'd = 'c
and z :: 'd
and y :: c
and e :: ‘¢ +
assumes arrow: D.ide © A C.in-hom e (F ) y
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begin

notation C.in-hom (<=1 - = -»)
notation D.in-hom (¢¢-: - —=p -»)

“g is a D-coextension of f along e.”

definition is-coext :: 'd = 'c = 'd = bool
where is-coext ' fg=«g: 12’ wpav ANf=e-¢c Fg

end
“e is a terminal arrow from F z to y.”

locale terminal-arrow-from-functor =
arrow-from-functor D C F z y e
for D :: 'd comp  (infixr ¢-p> 55)
and C :: 'c comp  (infixr <¢» 55)
and F :: 'd = 'c
and z :: 'd
and y :: c
and ¢ :: ‘¢ +
assumes is-terminal: arrow-from-functor D C F z' y f = (3g. is-coext z' f g)

begin

definition the-coext :: 'd = 'c = 'd
where the-coext z' f = (THE g. is-coext ' f g)

lemma the-coext-prop:
assumes arrow-from-functor D C F z' y f
shows «the-coext z' f : z' —p z» and f = e -¢ F (the-coext z' f)

(proof)

lemma the-coext-unique:
assumes arrow-from-functor D C F z' y f and is-coext z’ f ¢
shows g = the-coext z’ f

(proof)

end

A left adjoint functor is a functor F: D — C that enjoys the following universal
coextension property: for each object y of C there exists an object x of D and an arrow
e € C.hom (F z) y such that for any arrow f € C.hom (F z') y there exists a unique g
€ D.hom z' z such that f = C e (F g).

locale left-adjoint-functor =
C: category C +
D: category D +
functor D C'F
for D :: 'd comp (infixr <-p» 55)
and C :: ‘c comp  (infixr <¢> 55)
and F :: 'd = 'c +
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assumes ez-terminal-arrow: C.ide y = (3 z e. terminal-arrow-from-functor D C F z y e)
begin

notation C.in-hom (<=1 = = )
notation D.in-hom (-1 - —p -»)
end

18.2 Right Adjoint Functor

“e is an arrow from z to G y.”

locale arrow-to-functor =
C': category C +
D: category D +
G: functor C D G
for C :: 'c comp  (infixr <¢» 59)
and D :: 'd comp  (infixr <p> 55)
and G :: 'c = d

and z :: 'd

and y :: ‘¢

and e :: 'd +

assumes arrow: C.ide y A D.in-hom e z (G y)
begin

notation C.in-hom (4-: - =c -m)

notation D.in-hom (<«-: - —=p -»)

“f is a C-extension of g along e.”

definition is-ext :: 'c = 'd = 'c = bool
where is-ext y' gf =«f:y —wcy» ANg=Gf pe

end
“e is an initial arrow from z to G y.”

locale initial-arrow-to-functor =
arrow-to-functor C' D G x y e
for C :: 'c comp  (infixr <> 55)
and D :: 'd comp  (infixr <p> 55)
and G :: 'c = d

and z :: 'd
and y :: ‘c
and e :: 'd +

assumes is-initial: arrow-to-functor C D G z y' g = (3f. is-ext y' g f)
begin

definition the-ext :: 'c = 'd = ‘¢
where the-ext y' g = (THE f. is-ext y' g f)
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lemma the-ext-prop:

assumes arrow-to-functor C D G z y' g

shows «the-ext y' g : y —¢c y» and g = G (the-ext y' g) ‘p e
(proof )

lemma the-ext-unique:
assumes arrow-to-functor C D G z y’ g and is-ext y’ g f
shows f = the-ext y’' g

(proof )

end

A right adjoint functor is a functor G: C' — D that enjoys the following universal
extension property: for each object z of D there exists an object y of C and an arrow e
€ D.hom = (G y) such that for any arrow g € D.hom z (G y’) there exists a unique f €
C.hom y y' such that h = D e (G f).

locale right-adjoint-functor =
C: category C +
D: category D +
functor C D G
for C :: 'c comp  (infixr ¢-¢> 55)
and D :: 'd comp  (infixr <p» 55)
and G :: 'c = 'd +
assumes ez-initial-arrow: D.ide t => (I y e. initial-arrow-to-functor C D G z y e)

begin

notation C.in-hom (<=1 - = )
notation D.in-hom (x«-: - —=p -m)
end

18.3 Various Definitions of Adjunction

18.3.1 Meta-Adjunction

A “meta-adjunction” consists of a functor F: D — C, a functor G: C — D, and for
each object z of C and y of D a bijection between C.hom (F y) x to D.hom y (G x)
which is natural in z and y. The naturality is easy to express at the meta-level without
having to resort to the formal baggage of “set category,” “hom-functor,” and “natural
isomorphism,” hence the name.

locale meta-adjunction =
C: category C +
D: category D +
F: functor D C F +
G: functor C D G
for C :: 'c comp  (infixr <> 55)
and D :: 'd comp (infixr <-p» 55)
and F :: 'd = 'c
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and G :: 'c = 'd

and o : 'd = 'c = d

and ¢ : ‘c = 'd = ‘c +

assumes @-in-hom: [ D.ide y; C.in-hom f (F y) x | = D.in-hom (p y f) y

and ¢-in-hom: [ C.ide z; D.in-hom g y (G z) | = C.in-hom (¢ z g) (F' y)

and ¢-: [ D.ide y; C.in-hom f (Fy)z] = vz (pyf)=1Ff

and ¢-¢: [ C.ide z; D.in-hom gy (Gz) ]| = oy (W xg) =9

and p-naturality: | C.in-hom f z z’; D.in-hom g y' y; C.in-hom h (Fy) = | =
oy (fchcFg=Gfppyhopyg

G )

(

begin
notation Cl.in-hom (<«-: - —¢c -»)
notation D.in-hom (<«-: - —p -»)

The naturality of v is a consequence of the naturality of ¢ and the other assumptions.

lemma -naturality:
assumes f: «f : z —¢c z’» and ¢: «g: y' —p y» and h: «<h : y —p G z»
shows f c v ah-c Fg=1va' (Gf-ph-pg)

(proof )

lemma respects-natural-isomorphism:
assumes natural-isomorphism D C F' F T and natural-isomorphism C D G G'
shows meta-adjunction C D F' G’
Ay f.n (C.cod f) -p ¢ y (f -¢ inverse-transformation.map D C F T y))
(Az g. ¥ z ((inverse-transformation.map C D G' p z) -p g) -¢ 7 (D.dom g))
(proof)

end

18.3.2 Hom-Adjunction

The bijection between hom-sets that defines an adjunction can be represented formally
as a natural isomorphism of hom-functors. However, stating the definition this way is
more complex than was the case for meta-adjunction. One reason is that we need to
have a “set category” that is suitable as a target category for the hom-functors, and
since the arrows of the categories C' and D will in general have distinct types, we need a
set category that simultaneously embeds both. Another reason is that we simply have to
formally construct the various categories and functors required to express the definition.

This is a good place to point out that I have often included more sublocales in a
locale than are strictly required. The main reason for this is the fact that the locale
system in Isabelle only gives one name to each entity introduced by a locale: the name
that it has in the first locale in which it occurs. This means that entities that make
their first appearance deeply nested in sublocales will have to be referred to by long
qualified names that can be difficult to understand, or even to discover. To counteract
this, I have typically introduced sublocales before the superlocales that contain them to
ensure that the entities in the sublocales can be referred to by short meaningful (and
predictable) names. In my opinion, though, it would be better if the locale system would
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make entities that occur in multiple locales accessible by all possible qualified names, so
that the most perspicuous name could be used in any particular context.

locale hom-adjunction =
C: category C +
D: category D +
S: set-category S setp +
Cop: dual-category C' +
Dop: dual-category D +
CopxC': product-category Cop.comp C +
DopzD: product-category Dop.comp D +
DopzC': product-category Dop.comp C +
F: functor D C F +
G: functor C D G +
HomC': hom-functor C' S setp pC +
HomD: hom-functor D S setp @D +
Fop: dual-functor Dop.comp Cop.comp F +
FopzC': product-functor Dop.comp C Cop.comp C Fop.map C.map +
DopxG: product-functor Dop.comp C Dop.comp D Dop.map G +
Hom-FopxC": composite-functor DopzC.comp CopzC.comp S FopxC.map HomC.map +
Hom-DopzxG: composite-functor DopzC.comp DopxD.comp S DopxG.map HomD.map +
Hom-FopzC': set-valued-functor DopzC.comp S setp Hom-FopxC.map +
Hom-DopzG: set-valued-functor DopzC.comp S setp Hom-DopxG.map +
D: set-valued-transformation DopxzC.comp S setp Hom-FopxC.map Hom-DopzG.map ® +
U: set-valued-transformation DopzC.comp S setp Hom-DopxG.map Hom-FopzC.map V¥ +
QU jnverse-transformations DopxC.comp S Hom-FopxC.map Hom-DopzG.map & ¥
for C :: 'c comp  (infixr ¢-¢> 55)
and D :: 'd comp  (infixr «p» 55)
and S :: 's comp  (infixr «g» 55)
and setp :: 's set = bool
and pC :: ‘cx 'c = 'c = s
and oD :: 'dx'd="'d = 's
and F :: 'd = 'c
and G :: 'c = d
and ® :: 'd x 'c = 's
and ¥ :: 'd x ‘c = s

begin
notation C.in-hom (-1 - =0 -m)
notation D.in-hom (¢¢-: - —=p -»)

abbreviation ¥C :: ‘c x 'c = 's = 'c
where v C = HomC.¢

abbreviation YD :: 'd x 'd = 's = 'd
where YD = HomD.y

end
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18.3.3 Unit/Counit Adjunction

Expressed in unit/counit terms, an adjunction consists of functors F: D — C and G:
C — D, equipped with natural transformations n: 1 — GF and e: FG — 1 satisfying
certain “triangle identities”.

locale unit-counit-adjunction =
C: category C +
D: category D +
F: functor D C F +
G: functor C D G +
GF': composite-functor D C D F G +
FG: composite-functor C D C G F +
FGF: composite-functor D C C' F <F o Gy +
GFG: composite-functor C D D G <G o F» +
n: natural-transformation D D D.map <G o F>» n +
e: natural-transformation C C «<F o G> C.map € +
Fn: natural-transformation D C'F <F o G o F» <F omn +
nG: natural-transformation C D G <G o F o G» <n o G> +
eF: natural-transformation D C <F o G o F» F <« o F) +
Ge: natural-transformation C D <G o F o G> G <G o &y +
eFoFn: vertical-composite D C F <F o Go F» F<(Fomn € oF)+
GeonG: vertical-composite C D G <G o Fo Gy G o G <G o e
for C :: 'c comp  (infixr <> 59)
and D :: 'd comp  (infixr <p» 55)
and F :: 'd = 'c
and G :: 'c = d
and n:: 'd = 'd
and e :: 'c = ‘c +
assumes triangle-F: e FoFn.map = F
and triangle-G: GeonG.map = G

begin
notation C.in-hom (4-: - = -m)
notation D.in-hom (<«-: - —=p -m)
end

lemma unit-determines-counit:

assumes unit-counit-adjunction C D F G n e
and unit-counit-adjunction C D F G n '
shows ¢ = ¢’

(proof)

lemma counit-determines-unit:

assumes unit-counit-adjunction C D F G n €
and unit-counit-adjunction C D F G n' ¢
shows n = n’

(proof)
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18.3.4 Adjunction

The grand unification of everything to do with an adjunction.

locale adjunction =
C: category C +
D: category D +
S: set-category S setp +
Cop: dual-category C' +
Dop: dual-category D +
CopxC': product-category Cop.comp C' +
DopzD: product-category Dop.comp D +
DopxC': product-category Dop.comp C +
idDop: identity-functor Dop.comp +
HomC': hom-functor C' S setp pC +
HomD: hom-functor D S setp @D +
F: left-adjoint-functor D C F +
G: right-adjoint-functor C D G +
GF: composite-functor D C D F G +
FG: composite-functor C D C G F +
FGF: composite-functor D C' C F FG.map +
GFG: composite-functor C D D G GF.map +
Fop: dual-functor Dop.comp Cop.comp F +
FopxC': product-functor Dop.comp C Cop.comp C Fop.map C.map +
DopzG: product-functor Dop.comp C Dop.comp D Dop.map G +
Hom-FopxC'": composite-functor DopzC.comp CopzC.comp S FopxC.map HomC.map +
Hom-DopzxG: composite-functor DopzC.comp DopxD.comp S DopxG.map HomD.map +
Hom-FopzC': set-valued-functor DopzC.comp S setp Hom-FopxC.map +
Hom-DopzG: set-valued-functor DopzC.comp S setp Hom-DopzG.map +
n: natural-transformation D D D.map GF.map n +
e: natural-transformation C C FG.map C.map € +
Fn: natural-transformation D C' F <F o G o Fy <F omn +
nG: natural-transformation C D G <G o F o G» <n o G> +
eF: natural-transformation D C <F o G o F» F <« o F) +
Ge: natural-transformation C D <G o F o G> G <G o &y +
eFoFn: vertical-composite D C' F FGF.map F <F o <€ o F» +
GeonG: vertical-composite C D G GFG.map G <n o G» <G o &> +
p: meta-adjunction C D F G ¢ ¢ +
ne: unit-counit-adjunction C D F G n e +
dU: hom-adjunction C D S setp oC ¢pD F G & ¥
for C :: 'c comp  (infixr ¢-¢> 55)
and D :: 'd comp (infixr <-p» 55)
and S :: 's comp  (infixr <g> 59)
and setp :: 's set = bool
and oC :: ‘cx 'c = 'c = s
and oD :: 'd x 'd = 'd = s
and F :: 'd = 'c
and G :: 'c = 'd
and o : 'd = 'c = 'd
and ¢ : ‘c = 'd = 'c
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and n::'d = 'd
ande:: 'c='c
and @ :: 'd x 'c = s
and ¥ :: 'd x 'c = s +
assumes @-in-terms-of-n: [ D.ide y; «f : Fy wc v ]| = oy f=Gf pny
and y-in-terms-of-c: [ C.ide x; «g:y =»p Gav | =Y zg=ecxz ¢ Fyg
and n-in-terms-of-p: D.ide y = ny = y (F y)
and e-in-terms-of-y: C.ide x = ¢ z = ¢ z (G 1)
and p-in-terms-of-®: [ D.ide y; «f : Fy —»¢ 2» | =
¢y f=(2VYD (y, Gz) o S.Fun (P (y, 7)) 0 oC (Fy, z)) f
and y-in-terms-of-¥: [ C.ide z; «g: y —»p Gy | =
Yvzg=(PVYC (Fy,x)oS.Fun (¥ (y, x)) o pD (y, Gx)) g
and ®-in-terms-of-p:
[ C.ide z; D.ide y | =
S (y, ) = S.mkArr (HomC.set (F y, x)) (HomD.set (y, G z))
(¢D (y, Gz) o pyo VYO (Fy, )
and V-in-terms-of-1:
[ C.ide z; D.ide y | =
U (y, z) = S.mkArr (HomD.set (y, G x)) (HomC.set (F y, x))
(pC (Fy, z) o z 0o VYD (y, G x))

18.4 Meta-Adjunctions Induce Unit/Counit Adjunctions

context meta-adjunction
begin

interpretation GF: composite-functor D C' D F G {proof)
interpretation FG: composite-functor C D C G F (proof)
interpretation FGE': composite-functor D C C F FG.map (proof)
interpretation GFG: composite-functor C D D G GF.map (proof)

definition no :: 'd = 'd
where no y = ¢ y (F'y)

lemma no-in-hom:

assumes D.ide y

shows «noy:y =»p G (Fy)»
{proof )

lemma @-in-terms-of-no:

assumes D.ide y and «f : 'y —¢ x»
shows py f =G f -pnoy

(proof )

lemma p-F-char:

assumes «g : y' —p y»

shows ¢ y' (Fg) =noy-pyg
(proof)
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interpretation 7: transformation-by-components D D D.map GF.map no

{proof)

lemma 7n-map-simp:

assumes D.ide y

shows n.map y = ¢ y (F y)
{proof )

definition o0 :: 'c = ‘¢
where co z = ¢ z (G x)

lemma co-in-hom:
assumes C.ide x
shows «eo z : F (G z) —¢ o»

(proof)

lemma -in-terms-of-co:
assumes C.ide x and «g : y —>p G z»
shows Y x g =cozx ¢ F g

{proof)

lemma -G-char:

assumes «f: z —¢ z'»
shows ¥ 2/ (Gf)=f ceox
(proof )

interpretation e: transformation-by-components C C FG.map C.map €o

(proof)

lemma e-map-simp:
assumes C.ide z
shows e.map z = ¢ z (G x)

(proof)

interpretation FD: composite-functor D D C D.map F (proof)
interpretation CF: composite-functor D C C'F C.map (proof)
interpretation GC: composite-functor C C D C.map G (proof)
interpretation DG: composite-functor C' D D G D.map {proof)

interpretation F'n: natural-transformation D C F <F o G o F» <F o n.map»

{proof)

interpretation F': natural-transformation D C <F o G o F» F <¢.map o F»

(proof)

interpretation nG: natural-transformation C D G <G o F o G> <n.map o G»
(proof )

interpretation Ge: natural-transformation C' D <G o F o G» G <G o .map>
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(proof)

interpretation cFoFn: vertical-composite D C' F <F o G o F» F <F o n.map) <c.map o F»

(proof )
interpretation GeonG: vertical-composite C D G <G o F o G> G <n.map o G> <G o0 e.map>

(proof)

lemma unit-counit-F:

assumes D.ide y

shows Fy =co (Fy) ¢ F (noy)
(proof)

lemma unit-counit-G:

assumes C.ide x

shows Gz = G (o z) -p no (G )
(proof )

lemma induces-unit-counit-adjunction’”:
shows unit-counit-adjunction C D F G n.map €.map

{proof)

definition 7 :: 'd = 'd where n = n.map
definition ¢ :: 'c = 'c where ¢ = c.map

theorem induces-unit-counit-adjunction:
shows unit-counit-adjunction C D F G n ¢

(proof)

lemma n-naturalitytransformation:
shows natural-transformation D D D.map GF.map n

(proof)

lemma e-naturalitytransformation:
shows natural-transformation C C FG.map C.map €

(proof)
From the defined n and € we can recover the original ¢ and 1.

lemma p-in-terms-of-n:
assumes D.ide y and «f : F y —¢ z»
shows oy f =G f-pny

(proof )

lemma -in-terms-of-e:
assumes C.ide z and «g : y —p G z»
shows Y rg=c¢x-c Fg

(proof )

end
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18.5 Meta-Adjunctions Induce Left and Right Adjoint Func-
tors

context meta-adjunction
begin

interpretation unit-counit-adjunction C D F G n ¢
(proof)

lemma has-terminal-arrows-from-functor:
assumes z: C.ide
shows terminal-arrow-from-functor D C F (G ) z (¢ z)
and Ay’ f. arrow-from-functor D C F y’ z f
= terminal-arrow-from-functor.the-coext D C F (G z) (e z) y' f=p y' f

{proof)

lemma has-left-adjoint-functor:
shows left-adjoint-functor D C' F
(proof)

lemma has-initial-arrows-to-functor:

assumes y: D.ide y

shows initial-arrow-to-functor C D Gy (F y) (n y)

and Az’ g. arrow-to-functor C D G y z' g =
initial-arrow-to-functor.the-ext C D G (Fy) (ny) z' g=v 2’ g

(proof)

lemma has-right-adjoint-functor:
shows right-adjoint-functor C D G

(proof)

end

18.6 Unit/Counit Adjunctions Induce Meta-Adjunctions

context unit-counit-adjunction
begin

definition ¢ :: 'd = ‘c = d
where p yh = Gh -pny

definition ¢ :: 'c = 'd = 'c
where Yy xh=cz-¢c Fh

interpretation meta-adjunction C D F G ¢ ¢
(proof)

theorem induces-meta-adjunction:

146



shows meta-adjunction C D F G ¢ ¢ (proof)

From the defined ¢ and 1 we can recover the original 1 and €.

lemma n-in-terms-of-p:

assumes D.ide y

shows 1y = ¢ y (F y)
(proof)

lemma c-in-terms-of-1:

assumes C.ide z

shows e 2 = ¢ z (G x)
(proof )

end

18.7 Left and Right Adjoint Functors Induce Meta-Adjunctions

A left adjoint functor induces a meta-adjunction, modulo the choice of a right adjoint
and counit.

context left-adjoint-functor
begin

definition Go :: 'c = 'd
where Go a = (SOME b. Je. terminal-arrow-from-functor D C F b a e)

definition 0 :: 'c = ¢
where €0 a = (SOME e. terminal-arrow-from-functor D C F (Go a) a e)

lemma Go-co-terminal:
assumes 3 b e. terminal-arrow-from-functor D C' F' b a e
shows terminal-arrow-from-functor D C F (Go a) a (€0 a)

{proof)

The right adjoint G to F' takes each arrow f of C' to the unique D-coextension of f
‘o €0 (C.dom f) along €0 (C.cod f).

definition G :: 'c = 'd
where G f = (if C.arr f then
terminal-arrow-from-functor.the-coext D C' F (Go (C.cod f)) (o (C.cod f))
(Go (C.dom f)) (f -c €0 (C.dom f))
else D.null)

lemma G-ide:
assumes C.ide x
shows Gz = Go x

{proof)

lemma G-is-functor:
shows functor C D G
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{proof)

interpretation G: functor C D G (proof)

lemma G-simp:

assumes C.arr f

shows G f = terminal-arrow-from-functor.the-coext D C F (Go (C.cod f)) (o (C.cod f))
(Go (C.dom f)) (f -c €0 (C.dom f))

{proof)

interpretation idC': identity-functor C {proof)
interpretation GF: composite-functor C D C G F {proof)

interpretation e: transformation-by-components C' C GF.map C.map €o

(proof)

definition v
where ¢ x h = C (e.map z) (F h)

lemma v -in-hom:
assumes C.ide z and «g : y —p G z»
shows «y x g : Fy —¢ o»

(proof)

lemma v -natural:

assumes f: «f : x —¢c z'» and ¢: «g : y' —p y» and h: «h 1y —>p G z»
shows f cpah-c Fg=vz'((Gfph)pg)

(proof)

lemma -inverts-coext:
assumes z: C.ide z and g: «g: y —>p G x»
shows arrow-from-functor.is-coext D C' F (G z) (e.map z) y (¢ z g) ¢

{proof)

lemma -invertible:

assumes y: D.ide y and f: «f : Fy —¢ a»
shows Jlg. «g:y =>p Gy Npxg=Ff
(proof )

definition ¢
where ¢ y f = (THE g. «g : y —=p G (C.cod f)» N (C.cod f) g = f)

lemma @-in-hom:
assumes D.ide y and «f : F'y —¢ z»
shows «p y f: y —p G x»

{proof)

lemma p-1:
assumes C.ide x and «g : y —p G z»
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shows oy (V2 g) =y
(proof)

lemma ¥-p:
assumes D.ide y and «f : F'y —¢ z»

shows ¥ z (p y f) = f
(proof)

lemma p-natural:

assumes «f : z —¢ z'» and «g : y' —p y» and «h: Fy —¢c z»
shows ¢ y' (f -c h-c Fg)=(Gfpypyh) Dy

(proof )

theorem induces-meta-adjunction:
shows meta-adjunction C D F G ¢ ¢

(proof)
end

A right adjoint functor induces a meta-adjunction, modulo the choice of a left adjoint
and unit.

context right-adjoint-functor
begin

definition Fo :: 'd = 'c
where Fo y = (SOME z. Ju. initial-arrow-to-functor C D G y z u)

definition no :: 'd = 'd
where 1o y = (SOME w. initial-arrow-to-functor C D G y (Fo y) u)

lemma Fo-no-initial:

assumes 3z u. nitial-arrow-to-functor C D G y = u

shows initial-arrow-to-functor C D G y (Fo y) (no y)
(proof)

The left adjoint F' to ¢ takes each arrow ¢ of D to the unique C-extension of 7no
(D.cod g) -p g along no (D.dom g).
definition F :: 'd = ‘¢
where F g = (if D.arr g then
ingtial-arrow-to-functor.the-ext C' D G (Fo (D.dom g)) (no (D.dom g))

(Fo (D.cod g)) (no (D.cod g) "p g)
else C.null)

lemma F-ide:

assumes D.ide y
shows F'y = Fo y

{proof)

lemma F-is-functor:
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shows functor D C' F
(proof)

interpretation F: functor D C F (proof)

lemma F-simp:
assumes D.arr g
shows F g = initial-arrow-to-functor.the-ext C D G (Fo (D.dom g)) (no (D.dom g))
(Fo (D.cod g)) (0 (D-cod g) -p g)
(proof )

interpretation FG: composite-functor D C D F G (proof)

interpretation n: transformation-by-components D D D.map FG.map no

(proof)

definition ¢
where ¢ y h = D (G h) (n.map y)

lemma @-in-hom:
assumes y: D.ide y and f: «f : Fy —¢ a»
shows «p y f: y =p G x»

(proof)

lemma p-natural:

assumes f: «f : x ¢ z'» and ¢: «g : y' —p y» and h: «h : Fy —¢ z»
shows ¢ y' (f -c h-c Fg)=(GfpDypyh) Dy

(proof )

lemma p-inverts-ext:

assumes y: D.ide y and f: «f : Fy —¢ a»

shows arrow-to-functor.is-ext C D G (F y) (n.map y) z (¢ y f) f
(proof )

lemma p-invertible:

assumes z: C.ide z and g: «g: y —>p G x»
shows !If. «f : Fy—cax» ANpyf=g
(proof )

definition v
where ¢ x g = (THE f. «f : F (D.dom g) —¢ x» A ¢ (D.dom g) f = g)

lemma -in-hom:

assumes C.ide x and «g : y —p G z»

shows C.in-hom (¢ z g) (Fy) z
(proof)

lemma ¥-p:
assumes D.ide y and «f : F y —¢ z»
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shows ¥ z (¢ y f) = f
(proof)

lemma p-:
assumes C.ide z and «g : y —p G z»
shows ¢ y (Y zg) =g

{proof )

theorem induces-meta-adjunction:
shows meta-adjunction C D F G ¢ ¢

(proof)

end

18.8 Meta-Adjunctions Induce Hom-Adjunctions

To obtain a hom-adjunction from a meta-adjunction, we need to exhibit hom-functors
from C and D to a common set category S, so it is necessary to apply an actual concrete
construction of such a category. We use the replete set category generated by the disjoint
sum ‘c + 'd of the arrow types of C' and D.

context meta-adjunction
begin

interpretation S: replete-setcat «TYPE('c+'d)> (proof)

definition inC :: ‘¢ = (‘c+'d) setcat.arr
where inC = S.UP o Inl

definition inD :: 'd = ('c+'d) setcat.arr
where inD = S.UP o Inr

interpretation S: replete-setcat <« TYPE('c+'d)» (proof)
interpretation Cop: dual-category C (proof)

interpretation Dop: dual-category D (proof)

interpretation CopzC': product-category Cop.comp C (proof)
interpretation DopzD: product-category Dop.comp D {proof)
interpretation DopzC': product-category Dop.comp C {proof)
interpretation HomC': hom-functor C S.comp S.setp <\-. inC)»

(proof)
interpretation HomD: hom-functor D S.comp S.setp <A-. inD»

(proof)

interpretation Fop: dual-functor D C F (proof)

interpretation FopxzC': product-functor Dop.comp C Cop.comp C Fop.map C.map {proof)

interpretation DopzG: product-functor Dop.comp C Dop.comp D Dop.map G (proof)

interpretation Hom-FopzC: composite-functor DopxC.comp CopzC.comp S.comp
FopxC.map HomC.map (proof)

interpretation Hom-DopzG: composite-functor DopzC.comp DopxzD.comp S.comp
DopzG.map HomD.map (proof)
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lemma inC-y) [simp]:
assumes C.ide b and C.ide a and z € inC * C.hom b a
shows inC' (HomC.4 (b, a) z) = z

(proof )

lemma -inC [simp]:
assumes C.arr f
shows HomC.ip (C.dom f, C.cod f) (inC f) = f

(proof)

lemma inD-p [simp]:
assumes D.ide b and D.ide a and z € inD ‘ D.hom b a
shows inD (HomD.¢ (b, a) z) = x

(proof )

lemma -inD [simp]:
assumes D.arr f
shows HomD.1p (D.dom f, D.cod f) (inD f) = f

{proof)

lemma Hom-FopzC-simp:
assumes DopzC.arr gf
shows Hom-FopzC.map gf =
S.mkArr (HomC'.set (F (D.cod (fst gf)), C.dom (snd gf)))
(HomC'.set (F (D.dom (fst gf)), C.cod (snd gf)))
(inC o (Ah. snd gf ¢ h -c F (fst gf))
o HomC.4p (F (D.cod (fst gf)), C.dom (snd gf)))
(proof)

lemma Hom-DopzG-simp:
assumes DopzC.arr gf
shows Hom-DopzG.map gf =
S.mkArr (HomD.set (D.cod (fst gf), G (C.dom (snd gf))))
(HomD.set (D.dom (fst gf), G (C.cod (snd gf))))
(inD o (Ah. G (snd gf) -p h -p fst gf)
o HomD.tp (D.cod (fst gf), G (C.dom (snd gf))))
(proof)

definition ®o

where ®o yr = S.mkArr (HomC.set (F (fst yx), snd yz))
(HomD.set (fst yz, G (snd yz)))
(inD o ¢ (fst yx) o HomC.a) (F (fst yx), snd yz))

lemma ®o-in-hom:
assumes yx: DopzC.ide yz
shows «®o yr : Hom-FopzC.map yr —s Hom-DopxG.map yr»

(proof )
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interpretation ®: transformation-by-components
DopzC.comp S.comp Hom-FopxC.map Hom-DopxG.map ®o
(proof)

lemma ®-simp:
assumes YX: DopzC.ide yx
shows ®.map yr =
S.mkArr (HomC.set (F (fst yx), snd yz)) (HomD.set (fst yz, G (snd yz)))
(inD o ¢ (fst yr) o HomC.4 (F (fst yx), snd yzx))
(proof )

abbreviation Vo
where Vo yz = S.mkArr (HomD.set (fst yx, G (snd yz))) (HomC.set (F (fst yz), snd yzx))
(inC o0 9 (snd yx) o HomD. (fst yx, G (snd yz)))

lemma Yo-in-hom:

assumes yz: DopzC.ide yz

shows «Wo yx : Hom-DopxG.map yr —g Hom-FopzC.map yx»
(proof)

lemma ®-inv:
assumes yz: DopzC.ide yz
shows S.inverse-arrows (®.map yz) (Vo yz)

{proof)

interpretation ®: natural-isomorphism DopzC.comp S.comp
Hom-FopxC.map Hom-DopxG.map ®.map
(proof )

interpretation V: inverse-transformation DopzC.comp S.comp
Hom-FopxzC.map Hom-DopzG.map ®.map (proof)

interpretation ®V: inverse-transformations DopxzC.comp S.comp
Hom-FopzC.map Hom-DopxG.map ®.map V.map
(proof)

abbreviation ® where ® = ®.map
abbreviation ¥ where ¥ = VU.map

abbreviation HomC where HomC = HomC.map
abbreviation ¢C where ¢C = A-. inC
abbreviation HomD where HomD = HomD.map
abbreviation ¢ D where 9D = A-. inD

theorem induces-hom-adjunction: hom-adjunction C D S.comp S.setp ¢oC oD F G & ¥
(proof )

lemma V-simp:
assumes yz: DopzC.ide yz
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shows U yz = S.mkArr (HomD.set (fst yz, G (snd yx))) (HomC.set (F (fst yz), snd yz))
(inC o ¢ (snd yx) o HomD.yp (fst yz, G (snd yz)))
(proof)

The original ¢ and v can be recovered from ® and V.

interpretation ®: set-valued-transformation DopzC.comp S.comp S.setp
Hom-FopxzC.map Hom-DopzG.map ®.map (proof)

interpretation V: set-valued-transformation DopxC.comp S.comp S.setp
Hom-DopzG.map Hom-FopxC.map V.map (proof)

lemma ¢-in-terms-of-®":

assumes y: D.ide y and f: «f: Fy —¢ =»

shows ¢ y f = (HomD.%) (y, G z) o ®.FUN (y, z) o inC) f
(proof)

lemma 1)-in-terms-of-¥":

assumes z: C.ide z and g: «g: y —>p G x»

shows ¢ z g = (HomC.4 (F y, z) o W.FUN (y, z) o inD) g
(proof)

end

18.9 Hom-Adjunctions Induce Meta-Adjunctions

context hom-adjunction
begin

definition ¢ :: 'd = ‘c = d
where
v yh = (HomD.y (y, G (C.cod b)) o ®.FUN (y, C.cod h) o ¢C (Fy, C.cod h)) h

definition ¢ :: 'c = 'd = 'c
where
Y xh = (HomC.a (F (D.dom h), ) o W.FUN (D.dom h, z) o @D (D.dom h, G x)) h

lemma Hom-FopzC-map-simp:
assumes DopzC.arr gf
shows Hom-FopzC.map gf =
S.mkArr (HomC'.set (F (D.cod (fst gf)), C.dom (snd gf)))
(HomC'.set (F (D.dom (fst gf)), C.cod (snd gf)))
(pC (F (D.dom (fst gf)), C.cod (snd gf))
o (Ah. snd gf -c h-c F (fst gf))
o HomC .4 (F (D.cod (fst gf)), C.dom (snd gf)))
(proof )

lemma Hom-DopzG-map-simp:
assumes DopzC.arr gf
shows Hom-DopzG.map gf =
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S.mkArr (HomD.set (D.cod (fst gf), G (C.dom (snd gf))))
(HomD.set (D.dom (fst gf), G (C.cod (snd gf))))
(@D (D.dom (fst gf), G (C.cod (snd gf)))
o (Ah. G (snd gf) -p h -p fst gf)
(oroof) o HomD.vp (D.cod (fst gf), G (C.dom (snd gf))))
proo,

lemma ®-Fun-mapsto:
assumes D.ide y and «f : 'y —¢ x»
shows ®.FUN (y, ) € HomC.set (F y, ©) — HomD.set (y, G x)

{proof)

lemma p-mapsto:
assumes y: D.ide y
shows ¢ y € C.hom (F y) © — D.hom y (G z)

(proof )

lemma ®-simp:

assumes D.ide y and C.ide z

shows S.arr (P (y, z))

and @ (y, ) = S.mkArr (HomC'.set (F y, x)) (HomD.set (y, G z))
(¢D (y, Gz) opyovC (Fy,z))

(proof )

lemma V-Fun-mapsto:
assumes C.ide z and «g : y —p G z»
shows U.FUN (y, ) € HomD.set (y, G z) — HomC.set (F y, x)

{proof)

lemma ¥-mapsto:
assumes z: C.ide
shows ) x € D.hom y (G ) — C.hom (F y) z

{proof)

lemma V-simp:

assumes D.ide y and C.ide x

shows S.arr (¥ (y, z))

and VU (y, x) = S.mkArr (HomD.set (y, G z)) (HomC.set (F y, x))

(pC (Fy,z) o zoyD (y, G x))
{proof)

The length of the next proof stems from having to use properties of composition of
arrows in S to infer properties of the composition of the corresponding functions.

interpretation pvy: meta-adjunction C D F G ¢ 1
(proof)

theorem induces-meta-adjunction:
shows meta-adjunction C D F G ¢ 9 (proof)
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end

18.10 Putting it All Together

Combining the above results, an interpretation of any one of the locales: left-adjoint-functor,
right-adjoint-functor, meta-adjunction, hom-adjunction, and unit-counit-adjunction ex-
tends to an interpretation of adjunction.

context meta-adjunction
begin

interpretation S: replete-setcat {proof)
interpretation F: left-adjoint-functor D C F (proof)
interpretation G: right-adjoint-functor C D G (proof)

interpretation ne: unit-counit-adjunction C D F G n €
(proof)

interpretation ®VU: hom-adjunction C D S.comp S.setp oC oD F G & ¥
(proof )

theorem induces-adjunction:
shows adjunction C D S.comp S.setp pC oD F G oy ne ® ¥
(proof)

end

context unit-counit-adjunction
begin

interpretation pi: meta-adjunction C D F G ¢ v {proof)
interpretation S: replete-setcat {proof)
interpretation F: left-adjoint-functor D C F (proof)
interpretation G: right-adjoint-functor C D G (proof)
interpretation ®VU: hom-adjunction C D S.comp S.setp
eY.pC oD F G 9. @ pp. ¥
(proof)

theorem induces-adjunction:

shows adjunction C D S.comp S.setp p1p.oC piv.oD F G ¢ ¥ 1€ op.® pp. ¥
{proof)

end

context hom-adjunction
begin

interpretation py: meta-adjunction C D F G ¢
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(proof )
interpretation F: left-adjoint-functor D C F (proof)
interpretation G: right-adjoint-functor C D G (proof)
interpretation ne: unit-counit-adjunction C D F G pi.n pip.e

(proof)

theorem induces-adjunction:
shows adjunction C D S setp oC oD F G ¢ b pop.n pip.c & ¥
(proof)

end

context left-adjoint-functor
begin

interpretation pvy: meta-adjunction C D F G ¢ 1
(proof)

interpretation S: replete-setcat {proof)

theorem induces-adjunction:
shows adjunction C D S.comp S.setp pip.oC p.oD F G ¢ Y p.n pip.e op.® . ¥
(proof)

end

context right-adjoint-functor
begin

interpretation pv: meta-adjunction C D F G ¢ ¢
(proof )

interpretation S: replete-setcat {proof)

theorem induces-adjunction:
shows adjunction C D S.comp S.setp .o C oip.oD F G ¢ ¥ pib.n pih.e oip.® oip. U
{proof )

end

definition adjoint-functors
where adjoint-functors C D F G = (¢ . meta-adjunction C D F G ¢ )

lemma adjoint-functors-respects-naturally-isomorphic:

assumes adjoint-functors C D F G

and naturally-isomorphic D C F' F and naturally-isomorphic C D G G’
shows adjoint-functors C D F' G’

(proof)

lemma left-adjoint-functor-respects-naturally-isomorphic:
assumes left-adjoint-functor D C' F
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and naturally-isomorphic D C F F'
shows left-adjoint-functor D C F’
(proof)

lemma right-adjoint-functor-respects-naturally-isomorphic:
assumes right-adjoint-functor C D G

and naturally-isomorphic C D G G’

shows right-adjoint-functor C D G’

(proof)

18.11 Inverse Functors are Adjoints

lemma inverse-functors-induce-meta-adjunction:
assumes inverse-functors C D F G

shows meta-adjunction C D F G (Ax. G) (\y. F)
(proof)

lemma inverse-functors-are-adjoints:
assumes inverse-functors A B F G
shows adjoint-functors A B F G

(proof )

context inverse-functors
begin

lemma 7-char:
shows meta-adjunction.n B F (Az. G) = identity-functor.map B
(proof)

lemma e-char:
shows meta-adjunction.e A F G (\y. F) = identity-functor.map A
(proof)

end

18.12 Composition of Adjunctions

locale composite-adjunction =

A: category A +

B: category B +

C': category C +

F: functor BA F +

G: functor A B G +

F’: functor C B F' +

G": functor B C G' +

FG: meta-adjunction A BF G ¢ ¢ +

F'G": meta-adjunction B C F' G’ '’
for A :: 'a comp (infixr < 4> 59)
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and B :: 'b comp (infixr < p)> 55)
and C :: 'c comp  (infixr ¢¢> 55)
and F : b= "a

and G :: ‘a="b

and F'::'c = 'b

and G':: b= 'c

and ¢ = b= "a="b

and ¢ s ‘a= b= "a

and ¢’ :: 'c = b= ¢
and ¢’ b= ‘c="b
begin

interpretation S: replete-setcat {proof)
interpretation FG: adjunction A B S.comp S.setp
FG.oC FG.9oD F G ¢ ¢ FG.n FG.e FG.® FG. ¥
(proof )
interpretation F'G" adjunction B C' S.comp S.setp F'G'.oC F'G".oD F' G’ p' ¢’
F'G'n F'G'e F'G'® F'G'¥
(proof)

lemma is-meta-adjunction:
shows meta-adjunction A C (F o F') (G' 0o G) (Az. ¢’ 20 ¢ (F'2)) QAz. ¥ z 0oy (G z))
{proof)

interpretation KnH: natural-transformation C C <G’ o F'» <G' 0 G o F o F"
«G'"o FG.m o F
(proof)
interpretation G'nF’on’: vertical-composite C C C.map <G’ o F» <G’ 0 G o F o F"
F'G'n «G' o FG.n o F's {proof)

interpretation FeG: natural-transformation A A<F o F' o G' 0o G) <F o G
(FoF'G'eoG
(proof)
interpretation coFc’'G: vertical-composite A A <F o F' o G'o Gy «F 0o G> A.map
«F o F'G'e o Gy FG.c (proof)

interpretation meta-adjunction A C <F o F <G’ 0 G»
Az. o' zo@ (F'2) Az vz o’ (Gx)
(proof)
interpretation S: replete-setcat {proof)
interpretation adjunction A C' S.comp S.setp ¢C oD <F o F'y <G’ o G»
Nz zop (F'z2)y Qe zop' (Gz)rned U
(proof)

lemma n-char:

shows n = G'nF’'on’.map
(proof)
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lemma ¢-char:
shows € = coFe'G.map

{proof)

end

18.13 Right Adjoints are Unique up to Natural Isomor-
phism

As an example of the use of the of the foregoing development, we show that two right

adjoints to the same functor are naturally isomorphic.

theorem two-right-adjoints-naturally-isomorphic:
assumes adjoint-functors C D F G and adjoint-functors C D F G’
shows naturally-isomorphic C D G G’

(proof)

end
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Chapter 19
Limit

theory Limit
imports FreeCategory DiscreteCategory Adjunction
begin

This theory defines the notion of limit in terms of diagrams and cones and relates it
to the concept of a representation of a functor. The diagonal functor associated with a
diagram shape J is defined and it is shown that a right adjoint to the diagonal functor
gives limits of shape J and that a category has limits of shape J if and only if the diagonal
functor is a left adjoint functor. Products and equalizers are defined as special cases of
limits, and it is shown that a category with equalizers has limits of shape J if it has
products indexed by the sets of objects and arrows of J. The existence of limits in a set
category is investigated, and it is shown that every set category has equalizers and that a
set category S has I-indexed products if and only if the universe of S “admits I-indexed
tupling.” The existence of limits in functor categories is also developed, showing that
limits in functor categories are “determined pointwise” and that a functor category [A,
B] has limits of shape J if B does. Finally, it is shown that the Yoneda functor preserves
limits.

This theory concerns itself only with limits; I have made no attempt to consider
colimits. Although it would be possible to rework the entire development in dual form,
it is possible that there is a more efficient way to dualize at least parts of it without
repeating all the work. This is something that deserves further thought.

19.1 Representations of Functors

A representation of a contravariant functor F: Cop — S, where S is a set category that is
the target of a hom-functor for C| consists of an object a of C' and a natural isomorphism
® € Ya— F,where Y: C — [Cop, S] is the Yoneda functor.

locale representation-of-functor =
C': category C +
Cop: dual-category C' +
S: set-category S setp +
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F: functor Cop.comp S F +
Hom: hom-functor C S setp ¢ +
Ya: yoneda-functor-fized-object C' S setp ¢ a +
natural-isomorphism Cop.comp S «Ya.Y a» F ®
for C :: 'c comp (infixr <> 55)
and S :: 's comp (infixr <g> 55)
and setp :: 's set = bool
and ¢ : ‘cx 'c = 'c = s
and F :: 'c = s

and a :: ‘c
and ® :: 'c = s
begin

abbreviation Y where Y = Yu.Y
abbreviation ¢ where v = Hom.y

end
Two representations of the same functor are uniquely isomorphic.

locale two-representations-one-functor =
C': category C +
Cop: dual-category C' +
S: set-category S setp +
F: set-valued-functor Cop.comp S setp F +
yoneda-functor C' S setp ¢ +
Ya: yoneda-functor-fized-object C' S setp ¢ a +
Ya': yoneda-functor-fized-object C S setp ¢ a’ +
d: representation-of-functor C' S setp ¢ F'a ® +
®': representation-of-functor C S setp ¢ F a’ ®'
for C :: 'c comp (infixr <> 55)
and S :: 's comp (infixr <> 55)
and setp :: 's set = bool
and F :: 'c = 's
and p s ‘ex ‘e = 'c = 's
and a :: c
and ® :: 'c = s
and a’:: 'c
and ®':: 'c = s
begin

interpretation U: inverse-transformation Cop.comp S <Y a» F ® (proof)
interpretation U’ inverse-transformation Cop.comp S <Y o’y F ®' (proof)
interpretation ®V": vertical-composite Cop.comp S <Y a» F <Y a’s ® U'.map (proof)
interpretation ®'U: vertical-composite Cop.comp S <Y a’s F <Y a» ®' W.map (proof)

lemma are-uniquely-isomorphic:

shows Jly. «p : a — a’» A C.iso ¢ A map ¢ = Cop-S.MkArr (Y a) (Y a’) @U . map
{proof)
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end

19.2 Diagrams and Cones

A diagram in a category C is a functor D: J — C. We refer to the category J as the
diagram shape. Note that in the usual expositions of category theory that use set theory
as their foundations, the shape J of a diagram is required to be a “small” category, where
smallness means that the collection of objects of J, as well as each of the “homs,” is a
set. However, in HOL there is no class of all sets, so it is not meaningful to speak of J as
“small” in any kind of absolute sense. There is likely a meaningful notion of smallness of
J relative to C (the result below that states that a set category has I-indexed products
if and only if its universe “admits [-indexed tuples” is suggestive of how this might be
defined), but I haven’t fully explored this idea at present.

locale diagram =

C: category C +

J: category J +

functor J C D
for J :: ’j comp (infixr <> 55)
and C :: 'c comp (infixr <> 55)
and D: = 'c
begin

notation J.in-hom ((«-: - —; -»)
end

lemma comp-diagram-functor:
assumes diagram J C D and functor J' J F
shows diagram J' C (D o F)

(proof)
A cone over a diagram D: J — C'is a natural transformation from a constant functor
to D. The value of the constant functor is the apex of the cone.

locale cone =

C: category C +

J: category J +

D: diagram J C D +

A: constant-functor J C a +

natural-transformation J C A.map D x
for J :: 'j comp (infixr < 7> 55)
and C :: 'c comp (infixr <> 55)
and D : j = 'c

and a :: c
and x : j = 'c
begin

lemma ide-apex:
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shows C.ide a
(proof )

lemma component-in-hom:
assumes J.arr j
shows «x j: a — D (J.cod j)»

(proof)

lemma cod-determines-component:
assumes J.arr j
shows x j = x (J.cod j)

(proof )

end

A cone over diagram D is transformed into a cone over diagram D o F by pre-
composing with F.

lemma comp-cone-functor:
assumes cone J C D a x and functor J' J F
shows cone J' C (Do F)a(x oF)

(proof)

A cone over diagram D can be transformed into a cone over a diagram D’ by post-
composing with a natural transformation from D to D’.

lemma vcomp-transformation-cone:

assumes cone J C D a x

and natural-transformation J C D D'

shows cone J C' D' a (vertical-composite.map J C x T)

{proof)

context functor
begin

lemma preserves-diagrams:
fixes J :: ’j comp

assumes diagram J A D
shows diagram J B (F o D)

(proof )
lemma preserves-cones:
fixes J :: 'j comp

assumes cone J A D a x
shows cone J B (F o D) (Fa) (Fox)

(proof )

end

context diagram
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begin

abbreviation cone
where cone a x = Limit.cone J C' D a x

abbreviation cones :: 'c = (/j = 'c) set
where cones a = { x. cone a x }

An arrow f € C.hom a’ a induces by composition a transformation from cones with
apex a to cones with apex a’. This transformation is functorial in f.

abbreviation cones-map :: 'c = ('j = 'c) = (% = '¢)
where cones-map f = (Ax € cones (C.cod f). Aj. if J.arr j then x j - f else C.null)

lemma cones-map-mapsto:
assumes C.arr f
shows cones-map f €
extensional (cones (C.cod f)) N (cones (C.cod f) — cones (C.dom f))

{proof)

lemma cones-map-ide:
assumes x € cones a
shows cones-map a x = x

{proof)

lemma cones-map-comp:
assumes C.seq f g
shows cones-map (f - g) = restrict (cones-map g o cones-map f) (cones (C.cod f))

{proof)

end

Changing the apex of a cone by pre-composing with an arrow f commutes with
changing the diagram of a cone by post-composing with a natural transformation.

lemma cones-map-vcomp:

assumes diagram J C D and diagram J C D’

and natural-transformation J C D D' T

and cone J C D a x

and f: partial-composition.in-hom C f a’ a

shows diagram.cones-map J C D' f (vertical-composite.map J C x T)
= wvertical-composite.map J C (diagram.cones-map J C D f x) T

(proof)

Given a diagram D, we can construct a contravariant set-valued functor, which takes
each object a of C to the set of cones over D with apex a, and takes each arrow f of C
to the function on cones over D induced by pre-composition with f. For this, we need to
introduce a set category S whose universe is large enough to contain all the cones over
D, and we need to have an explicit correspondence between cones and elements of the
universe of S. A replete set category S equipped with an injective mapping ¢::('j = ¢)
= s serves this purpose.
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locale cones-functor =

C: category C +

Cop: dual-category C' +

J: category J +

D: diagram J C D +

S: replete-concrete-set-category S UNIV ¢
for J :: 'j comp (infixr <> 55)
and C :: 'c comp (infixr <> 55)
and D :: 'j = ’c
and S :: 's comp (infixr s> 55)
and (= '¢c) = s
begin

notation S.in-hom  (<«-: - —g -»)
abbreviation o where o = S.DN

definition map :: 'c = 's
where map = (\f. if C.arr f then
S.mkArr (v ¢ D.cones (C.cod f)) (v ¢ D.cones (C.dom f))
(¢ 0 D.cones-map f o o)
else S.null)

lemma map-simp [simp]:

assumes C.arr f

shows map f = S.mkArr (v “ D.cones (C.cod f)) (¢ “ D.cones (C.dom f))
(¢ 0 D.cones-map f 0 0)

(proof)

lemma arr-map:
assumes C.arr f
shows S.arr (map f)

{proof)

lemma map-ide:
assumes C.ide a
shows map a = S.mklde (v * D.cones a)

{proof)

lemma map-preserves-dom:
assumes Cop.arr f
shows map (Cop.dom f) = S.dom (map f)

(proof)

lemma map-preserves-cod:
assumes Cop.arr f
shows map (Cop.cod f) = S.cod (map f)

(proof)
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lemma map-preserves-comp:

assumes Cop.seq g f

shows map (g -°? f) = map g -s map f
(proof )

lemma is-functor:
shows functor Cop.comp S map

(proof)
end

sublocale cones-functor C functor Cop.comp S map {proof)
sublocale cones-functor C set-valued-functor Cop.comp S <AA. A C S.Univy map (proof)

19.3 Limits

19.3.1 Limit Cones

A limit cone for a diagram D is a cone x over D with the universal property that any
other cone ' over the diagram D factors uniquely through .

locale limit-cone =

C: category C +

J: category J +

D: diagram J C D +

cone J C'Dax
for J :: j comp (infixr <> 55)
and C :: ‘c comp (infixr <> 55)
and D : j = 'c
and a :: c
and y = j = ‘c +
assumes is-universal: cone J C D a' x' = 3f. «f : a’ — a» A D.cones-map f x = x’
begin

lemma is-cone [simp]:
shows x € D.cones a
{proof )

definition induced-arrow :: 'c = ('j = '¢) = ‘¢
where induced-arrow o’ x' = (THE f. «f : '’ — a» N D.cones-map f x = x')

lemma induced-arrowl:

assumes Y x’ € D.cones a’

shows «induced-arrow a’ x': a’ — a»

and D.cones-map (induced-arrow a’ x") x = x

(proof)

!/

lemma cones-map-induced-arrow:
shows induced-arrow a’ € D.cones a’ — C.hom a' a
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and Ax’. x’ € D.cones a’ = D.cones-map (induced-arrow a’ x’) x = x’
{proof )

lemma induced-arrow-cones-map:

assumes C.ide a’

shows (\f. D.cones-map f x) € C.hom a’ a — D.cones a’

and Af. «f : a’ = a» = induced-arrow a’ (D.cones-map f x) = f

{proof)

For a limit cone y with apex a, for each object a’ the hom-set C.hom a’ a is in
bijective correspondence with the set of cones with apex a’.

lemma bij-betw-hom-and-cones:
assumes C.ide a’
shows bij-betw (Af. D.cones-map f x) (C.hom a’ a) (D.cones a’)

{proof)

lemma induced-arrow-eql:
assumes D.cone o’ x' and «f : a’ — a» and D.cones-map f x = x’
shows induced-arrow o’ x' = f

(proof)

lemma induced-arrow-self:
shows induced-arrow a x = a

(proof )
end

context diagram
begin

abbreviation limit-cone

where limit-cone a x = Limit.limit-cone J C D a x

A diagram D has object a as a limit if a is the apex of some limit cone over D.
abbreviation has-as-limit :: ‘¢ = bool

where has-as-limit a = (3 x. limit-cone a x)

abbreviation has-limit
where has-limit = (3 a. has-as-limit a)

definition some-limit :: 'c
where some-limit = (SOME a. has-as-limit a)

definition some-limit-cone :: 'j = ¢
where some-limit-cone = (SOME x. limit-cone some-limit x)

lemma limit-cone-some-limit-cone:

assumes has-limit
shows limit-cone some-limit some-limit-cone
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{proof)

lemma has-limitE:
assumes has-limit
obtains a x where limit-cone a x

(proof)

end

19.3.2 Limits by Representation
A limit for a diagram D can also be given by a representation (a, ®) of the cones functor.

locale representation-of-cones-functor =
C': category C +
Cop: dual-category C +
J: category J +
D: diagram J C D +
S: replete-concrete-set-category S UNIV 1« +
Cones: cones-functor J C' D S v +
Hom: hom-functor C' S <AA. A C S.Univy ¢ +
representation-of-functor C' S S.setp ¢ Cones.map a ®
for J :: 'j comp (infixr < ;> 55)
and C :: 'c comp (infixr <> 55)
and D :: 'j = 'c
and S :: 's comp (infixr <> 55)
and ¢ : ‘cx ‘c = c = s
and ¢ (= '¢c) = s
and a :: c
and ® :: 'c = s

19.3.3 Putting it all Together
A “limit situation” combines and connects the ways of presenting a limit.

locale limit-situation =
C': category C +
Cop: dual-category C' +
J: category J +
D: diagram J C D +
S: replete-concrete-set-category S UNIV 1 +
Cones: cones-functor J C' D S 1 +
Hom: hom-functor C' S S.setp p +
®: representation-of-functor C'S S.setp p Cones.map a ® +
x: limit-cone J C' D a x
for J :: j comp (infixr < ;> 55)
and C :: 'c comp (infixr <> 55)
and D :: j = 'c
and S :: 's comp (infixr <> 55)
and ¢ :: ‘cx 'c = 'c = s
and ¢ (= '¢c) = s
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and a :: c
and @ :: 'c = s
and x :: j = ‘c +
assumes x-in-terms-of-®: x = S.DN (S.Fun (® a) (¢ (a, a) a))
and ®-in-terms-of-x:
Cop.ide o' = ® o' = S.mkArr (Hom.set (a', a)) (v * D.cones a’)
(Az. ¢ (D.cones-map (Hom.p (a’; a) ) X))

The assumption y-in-terms-of-® states that the universal cone x is obtained by ap-
plying the function S.Fun (® a) to the identity a of C (after taking into account the
necessary coercions).

The assumption ®-in-terms-of-x states that the component of ® at a’is the arrow
of S corresponding to the function that takes an arrow f € C.hom a’ a and produces
the cone with vertex a’ obtained by transforming the universal cone y by f.

19.3.4 Limit Cones Induce Limit Situations

To obtain a limit situation from a limit cone, we need to introduce a set category that
is large enough to contain the hom-sets of C' as well as the cones over D. We use the
category of all 'c + (’j = ’c)-sets for this.

context limit-cone
begin

interpretation Cop: dual-category C {proof)
interpretation CopzC': product-category Cop.comp C (proof)
interpretation S: replete-setcat <TYPE('c + ('j = '¢))» (proof)

notation S.comp (infixr <-g> 55)

interpretation Sr: replete-concrete-set-category S.comp UNIV «S.UP o Inr)
(proof)

interpretation Cones: cones-functor J C D S.comp «<S.UP o Inry (proof)

interpretation Hom: hom-functor C S.comp S.setp <\-. S.UP o Inl
(proof)

interpretation Y: yoneda-functor C' S.comp S.setp <\-. S.UP o Inly {proof)
interpretation Ya: yoneda-functor-fixed-object C S.comp S.setp <\-. S.UP o Inls a

(proof)

abbreviation inl :: 'c = ‘c + (’j = ’c) where inl = Inl
abbreviation inr :: ('j = ¢) = ‘¢ + ('j = '¢) where inr = Inr
abbreviation  where « = S.UP o inr

abbreviation o where o = Cones.o

abbreviation ¢ where ¢ = A-. S.UP o inl

abbreviation ) where ¢y = Hom.y

abbreviation Y where ¥ = Y.V
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lemma Ya-ide:
assumes a’: C.ide o’
shows Y a o’ = S.mklde (Hom.set (a’, a))

(proof)

lemma Ya-arr:
assumes ¢: C.arr g
shows Y a g = S.mkArr (Hom.set (C.cod g, a)) (Hom.set (C.dom g, a))
(¢ (C.dom g, a) o Cop.comp g o ¢ (C.cod g, a))
(proof )

For each object a’ of C' we have a function mapping C.hom a’ a to the set of cones
over D with apex a’, which takes f € C.hom a’ a to xf, where xf is the cone obtained
by composing x with f (after accounting for coercions to and from the universe of 5).
The corresponding arrows of S are the components of a natural isomorphism from Y a
to Cones.

definition ®o :: ‘c = (‘c + ('j = 'c¢)) setcat.arr
where
Do o’ = S.mkArr (Hom.set (a’, a)) (¢  D.cones a’) (Az. ¢ (D.cones-map (¢ (a’, a) x) X))

lemma ®o-in-hom:
assumes a” C.ide o’
shows «®o a’: S.mklde (Hom.set (a’, a)) —g S.mklde (v * D.cones a’)»

{proof)

interpretation ®: transformation-by-components Cop.comp S.comp <Y a> Cones.map Po

(proof)

interpretation ®: set-valued-transformation Cop.comp S.comp S.setp
<Y a» Cones.map ®.map (proof)

interpretation ®: natural-isomorphism Cop.comp S.comp <Y a> Cones.map ®.map

(proof)

interpretation R: representation-of-functor C' S.comp S.setp ¢ Cones.map a ®.map (proof)
lemma x-in-terms-of-®:

shows y = o (®.FUN a (¢ (a, a) a))

(proof)

abbreviation Hom
where Hom = Hom.map

abbreviation ¢
where ® = ®.map

lemma induces-limit-situation:
shows limit-situation J C D S.comp ¢ v a ® x
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(proof )
no-notation S.comp (infixr <g> 55)
end

sublocale limit-cone C limit-situation J C D replete-setcat.comp ¢ v a ® x

{proof)

19.3.5 Representations of the Cones Functor Induce Limit Situations

context representation-of-cones-functor
begin

interpretation ®: set-valued-transformation Cop.comp S S.setp <Y a» Cones.map ® (proof)
interpretation V: inverse-transformation Cop.comp S <Y a)» Cones.map ® {proof)
interpretation V: set-valued-transformation Cop.comp S S.setp

Cones.map <Y a> W.map {proof)

abbreviation o
where o = Cones.o

abbreviation y
where x = o (S.Fun (D a) (¢ (a, a) a))

lemma Cones-SET-eq-1-img-cones:
assumes C.ide a’
shows Cones.SET o' = “ D.cones a’

(proof )

lemma ¢y:

shows ¢ x = S.Fun (® a) (¢ (a, a) a)
{proof)

interpretation x: cone J C' D a x
(proof)

lemma cone-y:
shows D.cone a x {proof)

lemma ®-FUN-simp:
assumes a”: C.ide o’ and z: © € Hom.set (a’, a)
shows ®.FUN o’ z = Cones. FUN (¢ (a’, a) ) (¢ x)

{proof)

lemma x-is-universal:

assumes D.cone a’ x'

shows « (a’, a) (P.FUN a’ (v X)) : a’ — a»

and D.cones-map (¢ (a’, a) (W.FUN a’' (0 X)) x = x’
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and [ «f’: a’ — a»; D.cones-map f' x = x' ] = f'=¢ (a’, a) (¥.FUN o’ (v X))
{proof)

interpretation x: limit-cone J C D a x

(proof )

lemma x-is-limit-cone:
shows D.limit-cone a x {proof)

lemma induces-limit-situation:
shows limit-situation J C D S ¢ 1 a @ x

{proof)

end

sublocale representation-of-cones-functor C limit-situation J C D S ¢ v a ® x

{proof)

19.4 Categories with Limits
context category
begin
A category C has limits of shape J if every diagram of shape J admits a limit cone.

definition has-limits-of-shape
where has-limits-of-shape J =V D. diagram J C D — (Ja x. limit-cone J C D a x)

A category has limits at a type ’j if it has limits of shape J for every category J
whose arrows are of type .

definition has-limits
where has-limits (- :: 'j) =V J 1 'j comp. category J — has-limits-of-shape J

Whether a category has limits of shape J truly depends only on the “shape” (i.e. iso-
morphism class) of J and not on details of its construction.

lemma has-limits-preserved-by-isomorphism:
assumes has-limits-of-shape J and isomorphic-categories J J'
shows has-limits-of-shape J'

(proof)

end

19.4.1 Diagonal Functors

The existence of limits can also be expressed in terms of adjunctions: a category C' has
limits of shape J if the diagonal functor taking each object a in C to the constant-
a diagram and each arrow f € C.hom a a’ to the constant-f natural transformation
between diagrams is a left adjoint functor.

locale diagonal-functor =
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C: category C +

J: category J +

J-C': functor-category J C
for J :: ’j comp (infixr < ;> 55)
and C :: 'c comp (infixr <> 55)

begin
notation J.in-hom (k42 - =5 -m)
notation J-C.comp  (infixr «¢[; 01> 59)
notation J-C.in-hom (««-: - =5.c] -»)

definition map :: 'c = (', '¢) J-C.arr
where map f = (if C.arr f then J-C.MEArr (constant-functor.map J C (C.dom f))
(constant-functor.map J C' (C.cod f))
(constant-transformation.map J C f)
else J-C.null)

lemma is-functor:
shows functor C' J-C.comp map

{proof)

sublocale functor C J-C.comp map
(proof)

The objects of [J, C] correspond bijectively to diagrams of shape (-7) in (-).

lemma ide-determines-diagram:
assumes J-C.ide d
shows diagram J C (J-C.Map d) and J-C.Mklde (J-C.Map d) = d

(proof )

lemma diagram-determines-ide:
assumes diagram J C' D
shows J-C.ide (J-C.MkIde D) and J-C.Map (J-C.Mklde D) = D

{proof)

lemma bij-betw-ide-diagram:
shows bij-betw J-C.Map (Collect J-C.ide) (Collect (diagram J C))
{proof )

Arrows from from the diagonal functor correspond bijectively to cones.

lemma arrow-determines-cone:

assumes J-C.ide d and arrow-from-functor C J-C.comp map a d x

shows cone J C (J-C.Map d) a (J-C.Map x)

and J-C.MkArr (constant-functor.map J C a) (J-C.Map d) (J-C.Map z) = z

{proof)

lemma cone-determines-arrow:
assumes J-C.ide d and cone J C (J-C.Map d) a x
shows arrow-from-functor C' J-C.comp map a d
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(J-C.MEArr (constant-functor.map J C a) (J-C.Map d) Xx)
and J-C.Map (J-C.MkArr (constant-functor.map J C a) (J-C.Map d) x) = x

{proof)

Transforming a cone by composing at the apex with an arrow ¢ corresponds, via the
preceding bijections, to composition in [J, C] with the image of g under the diagonal
functor.

lemma cones-map-is-composition:

assumes «g : a’ — a» and cone J C D a x

shows J-C.MkArr (constant-functor.map J C a’) D (diagram.cones-map J C D g x)
= J-C.MkArr (constant-functor.map J C a) D X -17,c) map g

(proof)
Coextension along an arrow from a functor is equivalent to a transformation of cones.

lemma coextension-iff-cones-map:
assumes z: arrow-from-functor C' J-C.comp map a d x
and g: «g : a’ — a»
and =" «z': map a’ =507 d»
shows arrow-from-functor.is-coext C J-C.comp map a z a’ z’ g
+— J-C.Map z’ = diagram.cones-map J C (J-C.Map d) g (J-C.Map x)
(proof )

end

locale right-adjoint-to-diagonal-functor =
C': category C +
J: category J +
J-C: functor-category J C' +
A: diagonal-functor J C +
functor J-C.comp C G +
Adj: meta-adjunction J-C.comp C A.map G ¢
for J :: j comp (infixr < ;> 55)
and C :: ‘c comp (infixr <> 55)
and G :: ('j, 'c) functor-category.arr = 'c
and ¢ :: ‘e = ('j, ‘c) functor-category.arr = 'c
and ¢ :: ('], '¢) functor-category.arr = ‘¢ = (', 'c) functor-category.arr +
assumes adjoint: adjoint-functors J-C.comp C A.map G
begin

interpretation S: replete-setcat {proof)
interpretation Adj: adjunction J-C.comp C S.comp S.setp Adj.oC Adj.oD A.map G
¢ Adjny Adj.e Adj.® Adj.V

(proof)
A right adjoint G to a diagonal functor maps each object d of [J, C] (corresponding
to a diagram D of shape (-7) in (-) to an object of (-). This object is the limit object,
and the component at d of the counit of the adjunction determines the limit cone.
lemma gives-limit-cones:
assumes diagram J C D
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shows limit-cone J C D (G (J-C.MkIde D)) (J-C.Map (Adj.c (J-C.MkIde D)))
{proof)

corollary gives-limits:
assumes diagram J C D
shows diagram.has-as-limit J C D (G (J-C.MkIde D))

(proof)

end

lemma (in category) limits-are-isomorphic:

fixes J :: 'j comp

assumes limit-cone J C D a x and limit-cone J C D a’ x’

shows isomorphic a o’ and iso (limit-cone.induced-arrow J C D a x a’ x”)

(proof)

lemma (in category) has-limits-iff-left-adjoint-diagonal:
assumes category J
shows has-limits-of-shape J <—
left-adjoint-functor C (functor-category.comp J C) (diagonal-functor.map J C)

(proof)

19.5 Right Adjoint Functors Preserve Limits

context right-adjoint-functor
begin

lemma preserves-limits:

fixes J :: 'j comp

assumes diagram J C E and diagram.has-as-limit J C E a
shows diagram.has-as-limit J D (G o E) (G a)

{proof)

end

19.6 Special Kinds of Limits

19.6.1 Terminal Objects

An object of a category C is a terminal object if and only if it is a limit of the empty
diagram in C.

locale empty-diagram =

diagram J C' D
for J :: 'j comp (infixr < ;> 55)
and C :: ‘c comp (infixr <> 55)
and D :: 'j = 'c +
assumes is-empty: —J.arr j
begin
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lemma has-as-limit-iff-terminal:
shows has-as-limit a <— C.terminal a

{proof)

end

19.6.2 Products
A product in a category C' is a limit of a discrete diagram in C.

locale discrete-diagram =

J: category J +

diagram J C' D
for J :: j comp (infixr < ;> 55)
and C :: ‘c comp (infixr <> 55)
and D :: j = 'c +
assumes is-discrete: J.arr = J.ide
begin

abbreviation mkCone
where mkCone F = (A\j. if J.arr j then F j else C.null)

lemma cone-mkCone:
assumes C.ide ¢ and Aj. J.arr j = «Fj:a — D j»
shows cone a (mkCone F)

{proof)

lemma mkCone-cone:
assumes cone a T
shows mkCone m = 7

{proof)

end

The following locale defines a discrete diagram in a category C, given an index set [
and a function D mapping I to objects of C. Here we obtain the diagram shape J using
a discrete category construction that allows us to directly identify the objects of J with
the elements of I, however this construction can only be applied in case the set [ is not
the universe of its element type.

locale discrete-diagram-from-map =
J: discrete-category I null +
C: category C
for I :: 'i set
and C :: 'c comp (infixr > 55)
and D :: i = 'c
and null :: i +
assumes maps-to-ide: i € I = Cl.ide (D 1)
begin
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definition map
where map j = if J.arr j then D j else C.null

end

sublocale discrete-diagram-from-map C discrete-diagram J.comp C map

{proof)

locale product-cone =
J: category J +
C: category C +
D: discrete-diagram J C D +
limit-cone J C D a w
for J :: 'j comp (infixr < ;> 55)
and C :: 'c comp (infixr <> 55)
and D :: j = 'c

and a :: c
and 7 : = 'c
begin

lemma is-cone:
shows D.cone a m (proof)

The following versions of is-universal and induced-arrowl from the limit-cone locale
are specialized to the case in which the underlying diagram is a product diagram.

lemma is-universal”:

assumes C.ide b and Aj. J.arr j = «F j: b — D j»
shows 3!f. «f : b = av A (Vj. Joarrj — wj- f = Fj)
(proof)

abbreviation induced-arrow’ :: 'c = ('j = '¢) = 'c
where induced-arrow’ b F = induced-arrow b (D.mkCone F)

lemma induced-arrowl "
assumes C.ide b and Aj. J.arrj = «F j: b — D j»
shows Aj. J.arr j = 7 j - induced-arrow’ b F = F j

(proof)

end

context discrete-diagram
begin

lemma product-conel:
assumes limit-cone a 7
shows product-cone J C' D a w

{proof)
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end

context category
begin

definition has-as-product
where has-as-product J D a = (3 7. product-cone J C D a )

abbreviation has-product
where has-product J D = 3 a. has-as-product J D a

lemma product-is-ide:
assumes has-as-product J D a
shows ide a

(proof)

A category has I-indexed products for an ‘i-set I if every I-indexed discrete diagram
has a product. In order to reap the benefits of being able to directly identify the elements
of a set I with the objects of discrete category it generates (thereby avoiding the use of
coercion maps), it is necessary to assume that I # UNIV. If we want to assert that a
category has products indexed by the universe of some type ’i, we have to pass to a larger
type, such as i option.

definition has-products

where has-products (I :: 'i set) =

I # UNIV A
(VJ D. discrete-diagram J C D A Collect (partial-composition.arr J) = I
— (Fa. has-as-product J D a))

lemma has-productE:
assumes Ja. has-product J D
obtains a m where product-cone J C D a 7

(proof)

lemma has-products-if-has-limits:
assumes has-limits (undefined :: 'j) and I # (UNIV :: 'j set)
shows has-products T

{proof)

lemma has-finite-products-if-has-finite-limits:
assumes AJ :: ’j comp. (finite (Collect (partial-composition.arr J))) = has-limits-of-shape

and finite (I :: j set) and I # UNIV
shows has-products I

{proof)

lemma has-products-preserved-by-bijection:
assumes has-products I and bij-betw ¢ I I’ and I’ # UNIV
shows has-products I’

{proof)
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lemma ide-is-unary-product:
assumes ide a

shows Am n :: nat. m # n = has-as-product (discrete-category.comp {m :: nat} (n :

(Ni. if i = m then a else null) a

{proof)

lemma has-unary-products:
assumes card [ = 1 and I # UNIV
shows has-products I

{proof)

end

19.6.3 Equalizers

An equalizer in a category C'is a limit of a parallel pair of arrows in C.

locale parallel-pair-diagram =
J: parallel-pair +
C: category C
for C :: 'c comp (infixr <> 55)

and f0 :: 'c

and fI :: 'c +

assumes is-parallel: C.par f0 f1
begin

no-notation J.comp (infixr <> 55)
notation J.comp (infixr < ;) 55)

definition map

where map = (N\j. if j = J.Zero then C.dom f0
else if j = J.One then C.cod f0
else if j = J.j0 then f0
else if j = J.j1 then f1
else C.null)

lemma map-simp:

shows map J.Zero = C.dom f0
and map J.One = C.cod f0
and map J.j0 = f0

and map J.j1 = f1

(proof )

end

sublocale parallel-pair-diagram C diagram J.comp C map

{proof)

context parallel-pair-diagram
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begin

definition mkCone
where mkCone e = \j. if J.arr j then if j = J.Zero then e else f0 - e else C.null

abbreviation is-equalized-by
where is-equalized-by e = C.seq f0 e N fO - e = f1 - e

abbreviation has-as-equalizer
where has-as-equalizer e = limit-cone (C.dom e) (mkCone e)

lemma cone-mkCone:
assumes is-equalized-by e
shows cone (C.dom e) (mkCone e)

(proof)

lemma is-equalized-by-cone:
assumes cone a X
shows is-equalized-by (x (J.Zero))

{proof)

lemma mkCone-cone:
assumes cone a X
shows mkCone (x J.Zero) = x

{proof)

end

locale equalizer-cone =

J: parallel-pair +

C: category C +

D: parallel-pair-diagram C f0 f1 +

limit-cone J.comp C D.map C.dom e D.mkCone e
for C :: 'c comp (infixr <> 55)

and f0 :: 'c
and f1 :: 'c
and e :: c
begin

lemma equalizes:
shows D.is-equalized-by e

(proof )

lemma is-universal”:
assumes D.is-equalized-by e’
shows 3!h. «h : C.dom e’ — C.dome» Ne - h=¢e'

(proof)

lemma induced-arrowl "
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assumes D.is-equalized-by e’
shows «induced-arrow (C.dom e') (D.mkCone €') : C.dom e’ — C.dom e»
and e - induced-arrow (C.dom e’) (D.mkCone e’) = ¢’

{proof)

end

context category
begin

definition has-as-equalizer
where has-as-equalizer f0 f1 e = par fO f1 N\ parallel-pair-diagram.has-as-equalizer C f0 f1 e

definition has-equalizers
where has-equalizers = (V f0 f1. par f0 f1 — (3 e. has-as-equalizer f0 f1 e))

lemma has-as-equalizerl [intro]:
assumes par fgand seqfeand f-e=g - ¢

and Ae' [seqfe’;f-e'=g-e] = Flh.e-h=¢
shows has-as-equalizer f g e

(proof )

lemma has-as-equalizerE [elim]:

assumes has-as-equalizer f g e

and [seqfe;f-e=g-e Ne' [seqfe;f-e=g-e]=3Flhe-h=¢e]=T
shows T

{proof)

end

19.7 Limits by Products and Equalizers

A category with equalizers has limits of shape J if it has products indexed by the set of
arrows of J and the set of objects of J. The proof is patterned after [4], Theorem 2, page
109:

“The limit of F: J — C' is the equalizer e of f, ¢: II; F; — I, Feoqg o (u €
arr J, i € J) where py [ = Deod u, Pu § = Fu 0 Ddom «; the limiting cone p
is pj = pj e, for j € J”

locale category-with-equalizers =
category C

for C :: 'c comp (infixr > 55) +

assumes has-equalizers: has-equalizers

begin

lemma has-limits-if-has-products:
fixes J :: 'j comp (infixr ;> 55)
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assumes category J and has-products (Collect (partial-composition.ide J))
and has-products (Collect (partial-composition.arr J))
shows has-limits-of-shape J

{proof)

end

19.8 Limits in a Set Category

In this section, we consider the special case of limits in a set category.
locale diagram-in-set-category =
J: category J +
S: set-category S is-set +
diagram J S D
for J :: 'j comp (infixr <> 55)
and S :: 's comp (infixr <> 55)
and is-set :: 's set = bool
and D :: j = s
begin

notation S.in-hom (<«-: - — -»)

An object a of a set category S is a limit of a diagram in § if and only if there is a
bijection between the set S.hom S.unity a of points of a and the set of cones over the
diagram that have apex S.unity.

lemma limits-are-sets-of-cones:
shows has-as-limit a <— S.ide a A\ (3. bij-betw ¢ (S.hom S.unity a) (cones S.unity))

{proof)

end

locale diagram-in-replete-set-category =
J: category J +
S: replete-set-category S +
diagram J S D
for J :: j comp (infixr <> 55)
and S :: 's comp (infixr <> 55)
and D :: j = s
begin

sublocale diagram-in-set-category J S S.setp D
(proof)

end

context set-category
begin

A set category has an equalizer for any parallel pair of arrows.
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lemma has-equalizerssc:
shows has-equalizers

{proof)

end

sublocale set-category C category-with-equalizers S

{proof)

context set-category
begin

The aim of the next results is to characterize the conditions under which a set cate-
gory has products. In a traditional development of category theory, one shows that the
category Set of all sets has all small (i.e. set-indexed) products. In the present context
we do not have a category of all sets, but rather only a category of all sets with elements
at a particular type. Clearly, we cannot expect such a category to have products indexed
by arbitrarily large sets. The existence of I-indexed products in a set category S implies
that the universe S. Univ of S must be large enough to admit the formation of I-tuples of
its elements. Conversely, for a set category S the ability to form I-tuples in Undv implies
that S has I-indexed products. Below we make this precise by defining the notion of
when a set category S “admits I-indexed tupling” and we show that S has I-indexed
products if and only if it admits I-indexed tupling.

The definition of “S admits I-indexed tupling” says that there is an injective map,
from the space of extensional functions from I to Univ, to Univ. However for a convenient
statement and proof of the desired result, the definition of extensional function from
theory HOL— Library. FuncSet needs to be modified. The theory HOL— Library. FuncSet
uses the definite, but arbitrarily chosen value undefined as the value to be assumed
by an extensional function outside of its domain. In the context of the set-category,
though, it is more natural to use S.unity, which is guaranteed to be an element of the
universe of S, for this purpose. Doing things that way makes it simpler to establish a
bijective correspondence between cones over D with apex unity and the set of extensional
functions d that map each arrow j of J to an element d j of set (D j). Possibly it makes
sense to go back and make this change in set-category, but that would mean completely
abandoning HOL— Library. FuncSet and essentially introducing a duplicate version for
use with set-category. As a compromise, what I have done here is to locally redefine the
few notions from HOL— Library.FuncSet that 1 need in order to prove the next set of
results. The redefined notions are primed to avoid confusion with the original versions.

definition eztensional’
where eztensional’ A = {f.Vr. 2 ¢ A — [z = unity}

abbreviation PiE’
where PiE' A B = Pi A B N extensional’ A

abbreviation restrict’
where restrict’ f A = Ax. if x € A then [ z else unity
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lemma extensional’l [intro]:
assumes A\z. t ¢ A = fx = unity
shows [ € extensional’ A

(proof)

lemma extensional’-arb:
assumes [ € extensional’ A and = ¢ A
shows f x = unity

(proof)

lemma extensional’-monotone:
assumes A C B
shows extensional’ A C extensional’ B

(proof)

lemma PiE’-mono: (Nx. 2 € A= Bz C Cz) = PiE'ABC PiE'AC
(proof)

end

locale discrete-diagram-in-set-category =
S: set-category S & +
discrete-diagram J S D +
diagram-in-set-category J S & D
for J :: 'j comp (infixr < ;> 55)
and S :: ‘s comp (infixr <» 55)
and & :: 's set = bool
and D :: j = s
begin
For D a discrete diagram in a set category, there is a bijective correspondence between

cones over D with apex unity and the set of extensional functions d that map each arrow
j of J to an element of S.set (D j).

abbreviation [

where I = Collect J.arr

definition funToCone
where funToCone F = Xj. if J.arr j then S.mkPoint (D j) (F j) else S.null

definition coneToFun
where coneToFun x = Aj. if J.arr j then S.img (x j) else S.unity

lemma funToCone-mapsto:
shows funToCone € S.PiE' I (S.set o D) — cones S.unity

{proof)

lemma coneToFun-mapsto:
shows coneToFun € cones S.unity — S.PiE’ I (S.set o D)
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{proof)

lemma funToCone-coneToFun:
assumes x € cones S.unity
shows funToCone (coneToFun x) = x

{proof)

lemma coneToFun-funToCone:
assumes F' € S.PiE’ I (S.set o D)
shows coneToFun (funToCone F) = F

{proof)

lemma bij-coneToFun:
shows bij-betw coneToFun (cones S.unity) (S.PiE’' I (S.set o D))

(proof)

lemma bij-funToCone:
shows bij-betw funToCone (S.PiE’ I (S.set o D)) (cones S.unity)

(proof)

end

context set-category
begin

A set category admits I-indexed tupling if there is an injective map that takes each
extensional function from I to Univ to an element of Univ.

definition admits-tupling
where admits-tupling I = 3x. 7 € PiE’' I (A-. Univ) — Univ A inj-on © (PiE' I (A-. Univ))

lemma admits-tupling-monotone:
assumes admits-tupling [ and I’ C I
shows admits-tupling I’

{proof)

lemma admits-tupling-respects-bij:
assumes admits-tupling I and bij-betw ¢ I I’
shows admits-tupling I’

(proof)

end

context replete-set-category
begin

lemma has-products-iff-admits-tupling:
fixes I :: 'i set
shows has-products I «— I # UNIV A admits-tupling 1

(proof)
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end

context replete-set-category
begin

Characterization of the completeness properties enjoyed by a set category: A set
category S has all limits at a type ’j, if and only if S admits I-indexed tupling for all
’j-sets I such that I # UNIV.

theorem has-limits-iff-admits-tupling:

shows has-limits (undefined :: 'j) «+— (VI = 'j set. I #£ UNIV — admits-tupling I)

(proof )

end

19.9 Limits in Functor Categories

In this section, we consider the special case of limits in functor categories, with the
objective of showing that limits in a functor category [A, B] are given pointwise, and
that [A, B] has all limits that B has.

locale parametrized-diagram =

J: category J +

A: category A +

B: category B +

JzA: product-category J A +

binary-functor J A B D
for J :: j comp (infixr <> 55)
and 4 :: 'a comp (infixr < 4> 55)
and B :: 'b comp (infixr «p> 55)
and D :: j %« '‘a = b

begin
notation J.in-hom  (<«-: - =y -»)
notation JzA.comp (infixr < j,4> 59)
notation JzA.in-hom (<«-: - —=jz4 -»)

A choice of limit cone for each diagram D (—, a), where a is an object of A, extends to
a functor L: A — B, where the action of L on arrows of A is determined by universality.

abbreviation L
where L = Al x. Aa. if A.arr a then
limit-cone.induced-arrow J B (Aj. D (j, A.cod a))
(I (A.cod a)) (x (A.cod a))
(I (A.dom a)) (vertical-composite.map J B

(x (A.dom a)) (Aj. D (j, a)))
else B.null

abbreviation P
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where P = Al x. Aa f. «f : 1 (A.dom a) —p | (A.cod a)» A
diagram.cones-map J B (Aj. D (j, A.cod a)) f (x (A.cod a)) =
vertical-composite.map J B (x (A.dom a)) (Aj. D (4, a))

lemma L-arr:

assumes YV a. A.ide a — limit-cone J B (Aj. D (j, a)) (L a) (x a)
shows Aa. Aarra = 3!f. Plxaf)ANPlxa(Llxa)
{proof )

lemma L-ide:
assumes YV a. A.ide a — limit-cone J B (Aj. D (j, a)) (L a) (x a)
shows Aa. Adidea = Lixa=1la

{proof)

lemma chosen-limits-induce-functor:
assumes YV a. A.ide a — limit-cone J B (Aj. D (j, a)) (L a) (x a)
shows functor A B (L 1 x)

{proof)

end

locale diagram-in-functor-category =

A: category A +

B: category B +

A-B: functor-category A B +

diagram J A-B.comp D
for A :: 'a comp (infixr < 4> 59)
and B :: 'b comp (infixr «p) 55)
and J :: j comp (infixr <> 55)
and D :: 'j = (‘a, 'b) functor-category.arr
begin

interpretation JxA: product-category J A (proof)
interpretation A-BzA: product-category A-B.comp A (proof)
interpretation E: evaluation-functor A B (proof)
interpretation Curry: currying J A B (proof)

notation JzA.comp  (infixr < j,4> 59)
notation JzA.in-hom (<«-: - —=jz4 -»)

Evaluation of a functor or natural transformation from J to [A, B] at an arrow a of

abbreviation at
where at a 7 = Aj. Curry.uncurry 7 (4, a)

lemma at-simp:
assumes A.arr o and J.arr j and A-B.arr (7 j)
shows at a 7 j = A-B.Map (7 j) a

(proof )
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lemma functor-at-ide-is-functor:
assumes functor J A-B.comp F and A.ide a
shows functor J B (at a F)

(proof )

lemma functor-at-arr-is-transformation:
assumes functor J A-B.comp F and A.arr a
shows natural-transformation J B (at (A.dom a) F) (at (A.cod a) F) (at a F)

(proof )

lemma transformation-at-ide-is-transformation:
assumes natural-transformation J A-B.comp F G 7 and A.ide a
shows natural-transformation J B (at a F) (at a G) (at a 7)

(proof)

lemma constant-at-ide-is-constant:

assumes cone x x and a: A.ide a

shows at a (constant-functor.map J A-B.comp ) =
constant-functor.map J B (A-B.Map z a)

(proof )

lemma at-ide-is-diagram:
assumes a: A.ide a
shows diagram J B (at a D)

(proof )

lemma cone-at-ide-is-cone:
assumes cone x x and a: A.ide a
shows diagram.cone J B (at a D) (A-B.Map z a) (at a X)

(proof)

lemma at-preserves-comp:
assumes A.seq a’ a
shows at (A a’ a) D = vertical-composite.map J B (at a D) (at a’ D)

{proof)

lemma cones-map-pointwise:
assumes cone ¢ x and cone z’ x’
and f: f € A-B.hom 2’ x
shows cones-map [ x = x' +—
(Va. A.ide a — diagram.cones-map J B (at a D) (A-B.Map f a) (at a x) = at a X')

{proof)

If x is a cone with apex a over D, then y is a limit cone if, for each object z of X,
the cone obtained by evaluating x at z is a limit cone with apex A-B.Map a = for the
diagram in C obtained by evaluating D at z.

lemma cone-is-limit-if-pointwise-limit:
assumes cone-x: cone T x
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and Va. A.ide a — diagram.limit-cone J B (at a D) (A-B.Map z a) (at a x)
shows limit-cone = x

(proof )
end
context functor-category
begin
A functor category [A, B] has limits of shape J whenever (-p) has limits of shape J.

lemma has-limits-of-shape-if-target-does:
assumes category (J :: 'j comp)

and B.has-limits-of-shape J

shows has-limits-of-shape J

{proof)

lemma has-limits-if-target-does:
assumes B.has-limits (undefined :: 'j)
shows has-limits (undefined :: 'j)

(proof)

end

19.10 The Yoneda Functor Preserves Limits

In this section, we show that the Yoneda functor from C to [Cop, S] preserves limits.
context yoneda-functor

begin

lemma preserves-limits:

fixes J :: 'j comp

assumes diagram J C D and diagram.has-as-limit J C' D a
shows diagram.has-as-limit J Cop-S.comp (map o D) (map a)

{proof)

end

end
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Chapter 20

Colimit

theory Colimit
imports Category3.Limit
begin

After mulling it over for a long time, I do not have any strong sense that it would be
simpler or more useful to try to come up with some clever way of dualizing the material in
Category3.Limit, than just to do the dualization directly. This theory therefore contains
(a portion of) such a direct dualization, including at least the general definitions of cocone
and colimit, and including particular special cases of colimits that I have wanted to work
with. I have omitted theorems about preservation of colimits for now.

20.1 Diagrams and Cocones

A cocone over a diagram D: J — (' is a natural transformation from D to a constant
functor. The value of the constant functor is the apex of the cocone.

locale cocone =

C: category C +

J: category J +

D: diagram J C D +

A: constant-functor J C a +

natural-transformation J C D A.map x
for J :: 'j comp (infixr <> 55)
and C :: 'c comp (infixr <> 55)
and D : j = 'c

and a :: c
and x : j = 'c
begin

lemma ide-apex:
shows C.ide a
(proof)

lemma component-in-hom:
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assumes J.arr j
shows «x j: D (J.dom j) — a»

(proof)

lemma dom-determines-component:
assumes J.arr j
shows x j = x (J.dom j)

(proof )

end

A cocone over diagram D is transformed into a cocone over diagram D o F' by pre-
composing with F.

lemma comp-cocone-functor:
assumes cocone J C D a x and functor J' J F
shows cocone J' C (Do F) a (x o F)

(proof)

A cocone over diagram D can be transformed into a cocone over a diagram D’ by
pre-composing with a natural transformation from D’ to D.

lemma vcomp-transformation-cocone:

assumes cocone J C'D a x

and natural-transformation J C D' D T

shows cocone J C' D’ a (vertical-composite.map J C 7 X)

{proof)

context functor
begin

lemma preserves-cocones:

fixes J :: 'j comp

assumes cocone J A D a x

shows cocone J B (F o D) (F a) (F o x)

(proof)

end

context diagram
begin

abbreviation cocone
where cocone a x = Colimit.cocone J C D a x

abbreviation cocones :: ‘c = ('j = ‘c) set
where cocones a = { x. cocone a x }

An arrow f € C.hom a a’ induces by composition a transformation from cocones
with apex a to cocones with apex a’. This transformation is functorial in f.

abbreviation cocones-map :: 'c = (j = 'c) = (/j = '¢)
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where cocones-map f = (Ax € cocones (C.dom f). Aj. if J.arr j then f - x j else C.null)

lemma cocones-map-mapsto:
assumes C.arr f
shows cocones-map f €
extensional (cocones (C.dom f)) N (cocones (C.dom f) — cocones (C.cod f))

{proof)

lemma cocones-map-ide:
assumes Y € cocones a
shows cocones-map a x = x

{proof)

lemma cocones-map-comp:
assumes C.seq g f
shows cocones-map (g - f) = restrict (cocones-map g o cocones-map f) (cocones (C.dom f))

{proof)

end

Changing the apex of a cocone by post-composing with an arrow f commutes with
changing the diagram of a cocone by pre-composing with a natural transformation.

lemma cones-map-vcomp:

assumes diagram J C' D and diagram J C' D’

and natural-transformation J C D D' T

and cone J C D a x

and f: partial-composition.in-hom C f a’ a

shows diagram.cones-map J C D' f (vertical-composite.map J C x T)
= wvertical-composite.map J C (diagram.cones-map J C D f x) T

(proof)

20.2 Colimits

20.2.1 Colimit Cocones

A colimit cocone for a diagram D is a cocone x over D with the couniversal property
that any other cocone ' over the diagram D factors uniquely through Y.

locale colimit-cocone =
C: category C +
J: category J +
D: diagram J C D +
cocone J C' D a x
for J :: j comp (infixr <> 55)
and C :: 'c comp (infixr <> 55)
and D :: 'j = ’c
and a :: 'c
and y :: j = ‘c +
assumes is-couniversal: cocone J C D a’ x' = 3!f. «f : a = a’» A D.cocones-map f x = x’

193



begin

lemma is-cocone [simp]:
shows x € D.cocones a

(proof)

definition induced-arrow :: 'c = ('j = '¢) = 'c
where induced-arrow o’ x' = (THE f. «f : a — a’» A D.cocones-map f x = x’)

lemma induced-arrowl:

assumes x": x’ € D.cocones a’

shows «induced-arrow a’ x': a — a’»

and D.cocones-map (induced-arrow a’ x') x = x

{proof)

/!

lemma cocones-map-induced-arrow:
shows induced-arrow a’ € D.cocones a’ — C.hom a a’
and Ax’. x’' € D.cocones a’ = D.cocones-map (induced-arrow o’ x') x = x

(proof)

!

lemma induced-arrow-cocones-map:

assumes C.ide a’

shows (\f. D.cocones-map f x) € C.hom a a’ — D.cocones a’

and Af. «f : a = a’» = induced-arrow a’ (D.cocones-map f x) = f

{proof)

For a colimit cocone y with apex a, for each object a’ the hom-set C.hom a a’is in
bijective correspondence with the set of cocones with apex a’.

lemma bij-betw-hom-and-cocones:
assumes C.ide o’
shows bij-betw (Af. D.cocones-map f x) (C.hom a a’) (D.cocones a’)

{proof)

lemma induced-arrow-eql:
assumes D.cocone a’ x' and «f : a — a’» and D.cocones-map f x = x’
shows induced-arrow a’ x' = f

{proof)

lemma induced-arrow-self:
shows induced-arrow a x = a

{proof)

end

context diagram
begin

abbreviation colimit-cocone
where colimit-cocone a x = Colimit.colimit-cocone J C' D a x
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A diagram D has object a as a colimit if a is the apex of some colimit cocone over D.

abbreviation has-as-colimit :: 'c = bool
where has-as-colimit a = (3 x. colimit-cocone a x)

abbreviation has-colimit
where has-colimit = (3 a. has-as-colimit a)

definition some-colimit :: 'c
where some-colimit = (SOME a. has-as-colimit a)

definition some-colimit-cocone :: 'j = 'c
where some-colimit-cocone = (SOME x. colimit-cocone some-colimit x)

lemma colimit-cocone-some-colimit-cocone:
assumes has-colimit
shows colimit-cocone some-colimit some-colimit-cocone

{proof)

lemma has-colimitF:
assumes has-colimit
obtains a x where colimit-cocone a x

(proof)

end

20.3 Special Kinds of Coimits

20.3.1 Coproducts

A coproduct in a category C' is a colimit of a discrete diagram in C.

context discrete-diagram
begin

abbreviation mkCocone
where mkCocone F = (N\j. if J.arr j then F j else C.null)

lemma cocone-mkCocone:
assumes C.ide ¢ and \j. J.arrj = «Fj: Dj— a»
shows cocone a (mkCocone F)

(proof )

lemma mkCocone-cocone:
assumes cocone a T
shows mkCocone m = 7

{proof)

end
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locale coproduct-cocone =
J: category J +
C: category C +
D: discrete-diagram J C D +
colimit-cocone J C D a w
for J :: j comp (infixr < ;> 55)
and C :: 'c comp (infixr <> 55)
and D :: j = 'c

and a :: 'c
and 7 : = 'c
begin

lemma is-cocone:
shows D.cocone a 7 (proof)

lemma is-couniversal’:

assumes C.ide b and Aj. J.arr j = «F j: D j — b»
shows 3If. «f 1 a = by A (Vj. Joarrj — f -7 j=Fj)
(proof )

abbreviation induced-arrow’ :: 'c = ('j = '¢) = 'c
where induced-arrow’ b F = induced-arrow b (D.mkCocone F)

lemma induced-arrowl”:
assumes C.ide b and Aj. J.arr j = «F j: D j— b»
shows Aj. J.arr j = induced-arrow’ b F -7 j=Fj

{proof)

end

context discrete-diagram
begin

lemma coproduct-coconel:

assumes colimit-cocone a
shows coproduct-cocone J C' D a w

(proof)

end

context category
begin

definition has-as-coproduct
where has-as-coproduct J D a = (Iw. coproduct-cocone J C' D a 7)

abbreviation has-coproduct
where has-coproduct J D = 3 a. has-as-coproduct J D a
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lemma coproduct-is-ide:
assumes has-as-coproduct J D a
shows ide a

(proof)
The reason why we assume I # UNIV in the following is the same as for products.

definition has-coproducts
where has-coproducts (I :: i set) =
I # UNIV A
(VJ D. discrete-diagram J C D A Collect (partial-composition.arr J) = I
— (Fa. has-as-coproduct J D a))

lemma has-coproductF:
assumes has-coproduct J D
obtains a m where coproduct-cocone J C' D a 7

(proof)

end

20.3.2 Coequalizers

An coequalizer in a category C is a colimit of a parallel pair of arrows in C.

context parallel-pair-diagram
begin

definition mkCocone
where mkCocone e = N\j. if J.arr j then if j = J.One then e else e - f0 else C.null

abbreviation is-coequalized-by
where is-coequalized-by e = C.seq e f0 N e - f0 = e - f1

abbreviation has-as-coequalizer
where has-as-coequalizer e = colimit-cocone (C.cod €) (mkCocone e)

lemma cocone-mkCocone:
assumes is-coequalized-by e
shows cocone (C.cod e) (mkCocone e)

{proof)

lemma is-coequalized-by-cocone:
assumes cocone a X

shows is-coequalized-by (x (J.One))
(proof)

lemma mkCocone-cocone:
assumes cocone a x
shows mkCocone (x J.One) = x

{proof)
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end

locale coequalizer-cocone =

J: parallel-pair +

C': category C +

D: parallel-pair-diagram C f0 f1 +

colimit-cocone J.comp C D.map C.cod e D.mkCocone e
for C :: 'c comp (infixr <> 55)

and f0 :: c
and f1 :: 'c
and e :: c
begin

lemma coequalizes:
shows D.is-coequalized-by e

(proof )

lemma is-couniversal’:
assumes D.is-coequalized-by e’
shows 3!h. «h : C.cod e = C.cod e’» N h - e = ¢’

(proof )

lemma induced-arrowl”:

assumes D.is-coequalized-by e’

shows «induced-arrow (C.cod e') (D.mkCocone €’) : C.cod e — C.cod e'»
and induced-arrow (C.cod e) (D.mkCocone e') - e = e’

{proof)

end

context category
begin

definition has-as-coequalizer
where has-as-coequalizer f0 f1 e =
par fO f1 A parallel-pair-diagram.has-as-coequalizer C f0 f1 e

definition has-coequalizers
where has-coequalizers = (¥ f0 f1. par f0 f1l — (3 e. has-as-coequalizer f0 f1 €))

lemma has-as-coequalizer] [introl:
assumes par fgand sege fande-f =€ g

and Ae' [seqe' f;e'-f=¢e-g]= Flh. h-e=¢
shows has-as-coequalizer f g e

{proof)

lemma has-as-coequalizerE [elim):
assumes has-as-coequalizer f g e
and [[seqefie-f=e-g;, Ne' [seqe’ fie - f=¢€-g]=3Fhh-e=¢€e]=T
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shows T

(proof )
end

end
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Chapter 21

Equivalence of Categories

In this chapter we define the notions of equivalence and adjoint equivalence of categories
and establish some properties of functors that are part of an equivalence.

theory EquivalenceOfCategories
imports Adjunction
begin

locale equivalence-of-categories =
C: category C +
D: category D +
F: functor D C F +
G: functor C D G +
n: natural-isomorphism D D D.map G o F n +
e: natural-isomorphism C C F o G C.map €
for C :: 'c comp  (infixr -¢» 55)
and D :: 'd comp  (infixr <-p» 55)
and F :: 'd = 'c
and G :: 'c = 'd
and n :: 'd = 'd
ande :: 'c = c

begin
notation C.in-hom  (««-: - —=¢ -»)
notation D.in-hom  (<«-:-—p -»)

lemma C-arr-expansion:

assumes C.arr f

shows ¢ (C.cod f) -¢ F (G f) ¢ C.inv (e (C.dom f)) = f
and C.inv (¢ (C.cod f)) -c f -c € (C.dom f) = F (G f)
(proof)

lemma G-is-faithful:
shows faithful-functor C D G
(proof)
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lemma G-is-essentially-surjective:
shows essentially-surjective-functor C D G

{proof)

interpretation e-inv: inverse-transformation C C <F o G» C.map & {proof)
interpretation 7-inv: inverse-transformation D D D.map <G o F» n (proof)
interpretation GF: equivalence-of-categories D C' G F e-inv.map n-inv.map (proof)

lemma F-is-faithful:
shows faithful-functor D C' F
(proof)

lemma F-is-essentially-surjective:
shows essentially-surjective-functor D C' F

(proof)

lemma G-is-full:
shows full-functor C D G
(proof)

end

context equivalence-of-categories
begin

interpretation e-inv: inverse-transformation C C «F o G» C.map & (proof)
interpretation 7-inv: inverse-transformation D D D.map <G o F n (proof)
interpretation GF: equivalence-of-categories D C' G F e-inv.map n-inv.map (proof)

lemma F-is-full:
shows full-functor D C'F
{proof )

end

Traditionally the term "equivalence of categories" is also used for a functor that is part
of an equivalence of categories. However, it seems best to use that term for a situation
in which all of the structure of an equivalence is explicitly given, and to have a different
term for one of the functors involved.

locale equivalence-functor =
C: category C +
D: category D +
functor C D G
for C :: 'c comp  (infixr o> 55)
and D :: 'd comp  (infixr <-p» 55)
and G :: 'c = 'd +
assumes induces-equivalence: 3 F n €. equivalence-of-categories C D F G n €
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begin

notation C.in-hom  («-: - —¢ -»)
notation D.in-hom  (<«-: - —p -»)
end

sublocale equivalence-of-categories C equivalence-functor C D G

{proof)

An equivalence functor is fully faithful and essentially surjective.

sublocale equivalence-functor C fully-faithful-functor C D G
{proof )

sublocale equivalence-functor C essentially-surjective-functor C D G
(proof )

lemma (in inverse-functors) induce-equivalence:
shows equivalence-of-categories A B F G B.map A.map

{proof)

lemma (in invertible-functor) is-equivalence:
shows equivalence-functor A B G

(proof )

lemma (in identity-functor) is-equivalence:
shows equivalence-functor C' C map
(proof)

A special case of an equivalence functor is an endofunctor F' equipped with a natural
isomorphism from F' to the identity functor.

context endofunctor
begin

lemma isomorphic-to-identity-is-equivalence:
assumes natural-isomorphism A A F A.map ¢
shows equivalence-functor A A F

{proof)

end

locale dual-equivalence-of-categories =
E: equivalence-of-categories
begin

interpretation Cop: dual-category C' (proof)
interpretation Dop: dual-category D (proof)
interpretation Fop: dual-functor D C' F {proof)
interpretation Gop: dual-functor C D G (proof)
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interpretation Gop-o-Fop: composite-functor Dop.comp Cop.comp Dop.comp Fop.map Gop.map
(proof )
interpretation Fop-o-Gop: composite-functor Cop.comp Dop.comp Cop.comp Gop.map Fop.map
(proof)
sublocale n’": inverse-transformation D D E.D.map <G o F» n {(proof)
interpretation nop: natural-transformation Dop.comp Dop.comp Dop.map Gop-o-Fop.map
n’.map
(proof )
interpretation nop: natural-isomorphism Dop.comp Dop.comp Dop.map Gop-o-Fop.map
n’.map
(proof )
sublocale ¢’: inverse-transformation C C <F o Gy E.C.map € {proof)
interpretation cop: natural-transformation Cop.comp Cop.comp Fop-o-Gop.map Cop.map
e’.map
(proof )
interpretation cop: natural-isomorphism Cop.comp Cop.comp Fop-o-Gop.map Cop.map
e’.map
(proof )
sublocale equivalence-of-categories Cop.comp Dop.comp Fop.map Gop.map n’.map £’ .map

{proof)

lemma is-equivalence-of-categories:
shows equivalence-of-categories Cop.comp Dop.comp Fop.map Gop.map n'.map €’ .map

(proof)
end

locale dual-equivalence-functor =
G: equivalence-functor
begin

interpretation Cop: dual-category C (proof)
interpretation Dop: dual-category D {proof)
interpretation Gop: dual-functor C D G (proof)

sublocale equivalence-functor Cop.comp Dop.comp Gop.map

(proof )

lemma is-equivalence-functor:
shows equivalence-functor Cop.comp Dop.comp Gop.map

{proof)

end

An adjoint equivalence is an equivalence of categories that is also an adjunction.

locale adjoint-equivalence =
unit-counit-adjunction C D F G n e +
n: natural-isomorphism D D D.map G o F n +
e: natural-isomorphism C C' F o G C.map €
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for C :: 'c comp  (infixr ¢c» 55)
and D :: 'd comp (infixr < p» 55)
and F :: 'd = ¢
and G :: 'c = 'd
andn::'d = 'd
and e :: 'c = ¢

An adjoint equivalence is clearly an equivalence of categories.

sublocale adjoint-equivalence C equivalence-of-categories {proof)

context adjoint-equivalence
begin

The triangle identities for an adjunction reduce to inverse relations when n and ¢ are
natural isomorphisms.
lemma triangle-G"

assumes (.ide a
shows D.inverse-arrows (n (G a)) (G (¢ a))

{proof)

lemma triangle-F":
assumes D.ide b
shows C.inverse-arrows (F (n b)) (¢ (F b))

{proof)

An adjoint equivalence can be dualized by interchanging the two functors and invert-
ing the natural isomorphisms. This is somewhat awkward to prove, but probably useful
to have done it once and for all.

lemma dual-adjoint-equivalence:

assumes adjoint-equivalence C D F G n e

shows adjoint-equivalence D C' G F (inverse-transformation.map C C (C.map) €)
(inverse-transformation.map D D (G o F) n)

{proof)

end

Every fully faithful and essentially surjective functor underlies an adjoint equivalence.
To prove this without repeating things that were already proved in Category3.Adjunction,
we first show that a fully faithful and essentially surjective functor is a left adjoint functor,
and then we show that if the left adjoint in a unit-counit adjunction is fully faithful
and essentially surjective, then the unit and counit are natural isomorphisms; hence the
adjunction is in fact an adjoint equivalence.

locale fully-faithful-and-essentially-surjective-functor =
C: category C +
D: category D +
fully-faithful-functor C D F +
essentially-surjective-functor C D F
for C :: 'c comp  (infixr <> 55)
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and D :: 'd comp (infixr <-p» 55)
and F :: 'c = 'd

begin
notation C.in-hom (<=1 - = )
notation D.in-hom («-: - —=p -m)

lemma is-left-adjoint-functor:
shows left-adjoint-functor C D F
(proof )

lemma extends-to-adjoint-equivalence:
shows 3 G n €. adjoint-equivalence C' D G F n e
{proof )

lemma is-right-adjoint-functor:
shows right-adjoint-functor C' D F
(proof)

lemma is-equivalence-functor:
shows equivalence-functor C' D F

{proof)

sublocale equivalence-functor C D F

{proof)

end

lemma equivalence-functor-comp:
assumes equivalence-functor B C' F and equivalence-functor C D H
shows equivalence-functor B D (H o F)

(proof)

definition equivalent-categories
where equivalent-categories C D = 3 F. equivalence-functor C D F

lemma equivalent-categoriesl [introl:
assumes equivalence-functor C' D F
shows equivalent-categories C' D

{proof)

lemma equivalent-categoriesE [elim]:
assumes equivalent-categories C D
obtains F' where equivalence-functor C' D F

{proof)

lemma equivalent-categories-refi:
assumes category C
shows equivalent-categories C' C
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{proof)

lemma equivalent-categories-sym:
assumes equivalent-categories C' D
shows equivalent-categories D C

(proof)

lemma equivalent-categories-trans [trans|:
assumes equivalent-categories B C and equivalent-categories C D
shows equivalent-categories B D

{proof)

context equivalence-of-categories
begin

The following development shows that an equivalence of categories can be refined to
an adjoint equivalence by replacing just the counit.

abbreviation &’
where e’ a=¢a-¢ F (D.inv (n (G a))) ¢ C.inv (¢ (F (G a)))

interpretation ¢”: transformation-by-components C C <F o G> C.map &’

(proof )

interpretation ¢’ natural-isomorphism C C «F o Gy C.map &’.map

{proof)

lemma Fn-inverse:

assumes D.ide b

shows F (n (G (F b)) = F (G (F (y b))

and F (nb) - = (Fb) == (F (G (Fb))) ¢ F (1 (G (F b))
and C.inverse-arrows (F (n b)) (¢’ (F b))

and F (n b) = C.inv (' (F b))

and C.inv (F (n b)) =€’ (Fb)

{proof)

interpretation FoGoF: composite-functor D C C' F <F o G» (proof)
interpretation GoFoG: composite-functor C D D G <G o F» (proof)

interpretation natural-transformation D C' F FoGoF.map <F o

{proof)

interpretation natural-transformation C D G GoFoG.map <n o G»

{proof)

interpretation natural-transformation D C FoGoF.map F <’ .map o F)»
(proof)

interpretation natural-transformation C D GoFoG.map G (G o £'.map»

(proof)
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interpretation ¢'F-Fn: vertical-composite D C F FoGoF.map F <F oy «¢'.map o F» (proof)
interpretation Ge’-nG: vertical-composite C D G GoFoG.map G «n o G> <G o ' .map>

(proof)

interpretation ne’: unit-counit-adjunction C D F G n €’.map
(proof)

interpretation ne’: adjoint-equivalence C D F G n €'.map {proof)

lemma refines-to-adjoint-equivalence:
shows adjoint-equivalence C D F G n ¢’.map

(proof)
end

end
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Chapter 22

Category with Pullbacks

theory CategoryWithPullbacks
imports Limit
begin

In this chapter, we give a traditional definition of pullbacks in a category as lim-
its of cospan diagrams and we define a locale category-with-pullbacks that is satis-
fied by categories in which every cospan diagram has a limit. These definitions build
on the general definition of limit that we gave in Category3.Limit. We then define
a locale elementary-category-with-pullbacks that axiomatizes categories equipped with
chosen functions that assign to each cospan a corresponding span of “projections”,
which enjoy the familiar universal property of a pullback. After developing conse-
quences of the axioms, we prove that the two locales are in agreement, in the sense
that every interpretation of category-with-pullbacks extends to an interpretation of el-
ementary-category-with-pullbacks, and conversely, the underlying category of an inter-
pretation of elementary-category-with-pullbacks always yields an interpretation of cate-
gory-with-pullbacks.

22.1 Commutative Squares
context category
begin
The following provides some useful technology for working with commutative squares.
definition commutative-square

where commutative-square f g h k = cospan f g N\ span h k A dom f = cod h AN f-h =gk

lemma commutative-squarel [intro, simp):
assumes cospan f g and span h k and dom f = cod hand f - h =g - k
shows commutative-square f g h k

(proof)

lemma commutative-squareE [elim]:
assumes commutative-square f g h k
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and [ arr f; arr g; arr h; arr k; cod f = cod g; dom h = dom k; dom f = cod h;
domg=codk;f-h=g - k]= T
shows T

{proof)

lemma commutative-square-comp-arr:
assumes commutative-square f g h k and seq h 1
shows commutative-square f g (h - 1) (k- 1)

{proof)

lemma arr-comp-commutative-square:
assumes commutative-square f g h k and seq [ f
shows commutative-square (I - f) (I - g) h k

{proof)

end

22.2 Cospan Diagrams

The “shape” of a cospan diagram is a category having two non-identity arrows with
distinct domains and a common codomain.

locale cospan-shape
begin

datatype Arr = Null | AA | BB | TT | AT | BT

fun comp
where comp AA AA = AA
| comp AT AA = AT
| comp TT AT = AT
| comp BB BB = BB
| comp BT BB = BT
| comp TT BT = BT
| comp TT TT =TT
| comp - - = Null

interpretation partial-composition comp

(proof)

lemma null-char:
shows null = Null

{proof)

lemma ide-char:
shows ide f «— f=AAV f=BBV f=TT
(proof )

fun Dom
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where Dom AA = AA

| Dom BB = BB
| Dom TT =TT
| Dom AT = AA
| Dom BT = BB
| Dom - = Null
fun Cod
where Cod AA = AA
| Cod BB = BB
| Cod TT = TT
| Cod AT = TT
| Cod BT = TT
| Cod - = Null

lemma domains-char'”:
shows domains f = (if f = Null then {} else {Dom f})

(proof)

lemma codomains-char’:
shows codomains f = (if f = Null then {} else {Cod f})
{proof )

lemma arr-char:
shows arr f +— f # Null

(proof)

lemma seq-char:
shows seq g f «+— (f = AA N (g=AAV g= AT)) Vv
(f=BBA(g=BBVg=BT))V
(f=AT Ng=TT)V
(f=BT ANg=TT)V
(f=TT Ng=TT)
(proof)

interpretation category comp

(proof )

lemma is-category:
shows category comp

{proof)

lemma dom-char:
shows dom = Dom

(proof)

lemma cod-char:
shows cod = Cod

(proof)
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end

sublocale cospan-shape C category comp

(proof )

locale cospan-diagram =

J: cospan-shape +

C: category C
for C :: 'c comp (infixr <> 55)
and f0 :: 'c
and f1 :: 'c +
assumes is-cospan: C.cospan f0 f1
begin

no-notation J.comp (infixr <> 55)
notation J.comp (infixr < 55)

fun map
where map J.AA = C.dom f0
| map J.BB = C.dom f1
| map J.TT = C.cod f0
| map J.AT = f0
| map J.BT = f1
| map - = C.null

end

sublocale cospan-diagram C diagram J.comp C map
(proof)

22.3 Category with Pullbacks

A pullback in a category C is a limit of a cospan diagram in C.

context cospan-diagram
begin

definition mkCone

where mkCone p0 p1 = N\j. if j = J.AA then p0
else if j = J.BB then pl
else if j = J.AT then f0 - p0
else if j = J.BT then f1 - p1
else if j = J.TT then f0 - p0
else C.null

abbreviation is-rendered-commutative-by
where is-rendered-commutative-by p0 p1 = C.seq f0 p0 N f0 - p0 = fI - pl
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abbreviation has-as-pullback
where has-as-pullback p0 p1 = limit-cone (C.dom p0) (mkCone p0 p1)

lemma cone-mkCone:
assumes is-rendered-commutative-by p0 pl
shows cone (C.dom p0) (mkCone p0 pl1)

{proof)

lemma is-rendered-commutative-by-cone:
assumes cone a X
shows is-rendered-commutative-by (x J.AA) (x J.BB)

{proof)

lemma mkCone-cone:
assumes cone a x
shows mkCone (x J.AA) (x J.BB) = x

{proof)

lemma cone-iff-commutative-square:
shows cone (C.dom h) (mkCone h k) +— C.commutative-square f0 f1 h k

(proof)

lemma cones-map-mkCone-eq-iff:

assumes is-rendered-commutative-by p0 pl and is-rendered-commutative-by p0' p1’

and «h : C.dom p0’ — C.dom p0»

shows cones-map h (mkCone p0 p1) = mkCone p0’ p1’ +— p0 - h = p0' A pl - h = pl’
(proof)

end

locale pullback-cone =

J: cospan-shape +

C: category C +

D: cospan-diagram C f0 f1 +

limit-cone J.comp C D.map <«C.dom p0> <D.mkCone p0 p1>»
for C :: 'c comp (infixr <> 55)

and f0 :: 'c
and f1 :: 'c
and p0 :: c
and pl :: c
begin

lemma renders-commutative:
shows D.is-rendered-commutative-by p0 pl

{proof)

lemma is-universal’:
assumes D.is-rendered-commutative-by p0’ p1’
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shows 3. «h : C.dom p0’ — C.dom pO» A p0 - h = p0' A pl - h = pl’
(proof )

lemma induced-arrowl”:

assumes D.is-rendered-commutative-by p0’ p1’

shows «induced-arrow (C.dom p0’) (D.mkCone p0' p1’) : C.dom p0' — C.dom p0»
and p0 - induced-arrow (C.dom p0’) (D.mkCone p0’ p1’) = p0’

and p! - induced-arrow (C.dom p1') (D.mkCone p0' p1’) = p1’

(proof )

end

context category
begin

definition has-as-pullback
where has-as-pullback f0 f1 p0 p1 =
cospan f0 f1 N cospan-diagram.has-as-pullback C f0 f1 p0 pl

definition has-pullbacks
where has-pullbacks = (V f0 f1. cospan f0 f1 — (3 p0 pl. has-as-pullback f0 f1 p0 p1))

lemma has-as-pullbackl [intro]:

assumes commutative-square f g p q

and Ah k. commutative-square fghk = 3. p-l=hAqg-1l=k
shows has-as-pullback f g p q

(proof)

lemma pullbacks-are-isomorphic:
assumes has-as-pullback f g h k and has-as-pullback f g h' k'
shows isomorphic (dom h) (dom h')

(proof)

lemma has-as-pullbackE [elim]:
assumes has-as-pullback f g p q
and [cospan f g; commutative-square f g p g;
Ah k. commutative-square fgh k = I.p-l=hAqg-l=k =T
shows T

{proof)

end
locale category-with-pullbacks =

category +
assumes has-pullbacks: has-pullbacks
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22.4 Elementary Category with Pullbacks

An elementary category with pullbacks is a category equipped with a specific way of
mapping each cospan to a span such that the resulting square commutes and such that
the span is universal for that property. It is useful to assume that the functions, mapping
a cospan to the two projections of the pullback, are extensional; that is, they yield null
when applied to arguments that do not form a cospan.

locale elementary-category-with-pullbacks =

category C
for C :: 'a comp (infixr <» 55)
and prj0 :: 'a = 'a = 'a (<po[-, )
and prjl :: 'a = 'a = 'a («p1[- ) +

assumes prj0-ext: = cospan f g = polf, g] = null

and prjl-ext: = cospan f g = p1[f, g] = null

and pullback-commutes [intro]: cospan f g = commutative-square f g p1[f, 9] polf, 9]
and universal: commutative-square f g h k = 3. p1[f, gl - Ll =h A polf, 9] - I =k
begin

lemma pullback-commutes”:

assumes cospan f g

shows f - pif, g] = g - polf, 4]
(proof)

lemma prj0-in-hom':
assumes cospan f g
shows «polf, g] : dom polf, g — dom g»

{proof)

lemma prjl-in-hom”:
assumes cospan f g
shows «p1[f, g] : dom polf, g] — dom f»

{proof)

The following gives us a notation for the common domain of the two projections of a
pullback.

definition pbdom (infix <> 51)
where f | g = dom polf, g

lemma pbdom-in-hom [intro):

assumes cospan f g

shows «f Ll g:fllg— [l g»
(proof)

lemma ide-pbdom [simp]:
assumes cospan f g

shows ide (f || g)
(proof )
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lemma prj0-in-hom [intro, simp]:
assumes cospan fgand a = f || gand b = dom g
shows «po[f, g] : a — b»

{proof)

lemma prjl-in-hom [intro, simp]:
assumes cospan fgand a = f || g and b = dom f
shows «pi[f, g] : a — b»

{proof)

lemma prj0-simps [simp]:

assumes cospan f g

shows arr polf, g and dom polf, g] = f 11 g and cod polf, g] = dom g
{proof)

lemma prj0-simps-arr [iff]:
shows arr po[f, g] «+— cospan f g

{proof)

lemma prjl-simps [simp]:

assumes cospan f g

shows arr p1[f, g] and dom pi[f, g] = f {4 g and cod p1[f, g] = dom f
(proof)

lemma prjl-simps-arr [iff]:
shows arr p1[f, g] «— cospan f g

{proof)

lemma span-prj:

assumes cospan f g

shows span polf, g] p1lf, ]
(proof )

We introduce a notation for tupling, which produces the induced arrow into a pull-
back. In our notation, the “0-side”, which we regard as the input, occurs on the right,
and the “1-side”, which we regard as the output, occurs on the left.

definition tuple -1 -1 )

where (b [f, g] k) = if commutative-square f g h k then

THE 1. polf, gl - l=Fk Apilf, gl - L=h
else null

lemma tuple-in-hom [intro]:
assumes commutative-square f g h k
shows «(h [f, g] k) : dom h — f || g»

{proof)

lemma tuple-extensionality:
assumes — commutative-square f g h k
shows (h [f, ¢] k) = null
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(proof)

lemma tuple-simps [simp]:
assumes commutative-square f g h k
shows arr (h [f, g] k) and dom (h [f, g] k) = dom h and cod (L [f, g] k) = f Ll ¢

(proof)

lemma prj-tuple [simp:

assumes commutative-square f g h k

shows pO[fa g] ' <h IIfa g] k) = k and pl[fa g] ' <h [[f7 g] k> =h
(proof)

lemma tuple-prj:

assumes cospan f g and seq pi[f, g] h
shows <p1[f? g] - h IIfa g] pO[f7 g] : h> =h
(proof )

lemma tuple-prj-spc [simp]:

assumes cospan f g

shows <p1[f7 g] [[f7 g]] pO[fv g]> = f \Ir\L g
(proof )

lemma prj-joint-monic:

assumes cospan f g and seq pi1[f, g] h and seq p1[f, g] b’
and polf, g] - b = polf, g] - h"and pi[f, g] - h = pilf, g] - B’
shows h = h'

(proof)
The pullback of an identity along an arbitrary arrow is an isomorphism.

lemma iso-pullback-ide:
assumes cospan p v and ide p
shows iso po[u, V|

{proof)

lemma comp-tuple-arr:

assumes commutative-square f g h k and seq h [
shows (h [f, g] k) - L= (h - L[f, g] k- 1)
(proof )

lemma pullback-arr-cod:

assumes arr f

shows inverse-arrows p1[f, cod f] {(dom f [f, cod f] f)
and inverse-arrows polcod f, f] {f [cod f, f] dom f)

{proof)

The pullback of a monomorphism along itself is automatically symmetric: the left
and right projections are equal.

lemma pullback-mono-self:
assumes mono f
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shows polf, f] = p1lf, f]
(proof)

lemma pullback-iso-self:
assumes iso f

shows polf, f] = p1lf, /]
{proof)

lemma pullback-ide-self [simp]:
assumes ide a
shows pygla, a] = p1]a, a

(proof)

end

22.5 Agreement between the Definitions

It is very easy to write locale assumptions that have unintended consequences or that
are even inconsistent. So, to keep ourselves honest, we don’t just accept the definition
of “elementary category with pullbacks”, but in fact we formally establish the sense in
which it agrees with our standard definition of “category with pullbacks”, which is given
in terms of limit cones. This is extra work, but it ensures that we didn’t make a mistake.

context category-with-pullbacks
begin

definition some-prjl («p1’[-, -]»)
where p,’[f, g] = if cospan f g then
fst (SOME z. cospan-diagram.has-as-pullback C f g (fst z) (snd z))
else null

definition some-prj0 («po’[-, -»)
where po’[f, g] = if cospan f g then
snd (SOME x. cospan-diagram.has-as-pullback C f g (fst z) (snd x))
else null

lemma prj-yields-pullback:
assumes cospan f g
shows cospan-diagram.has-as-pullback C f g p1°[f, g] po’lf, 9]

(proof )

interpretation elementary-category-with-pullbacks C' some-prj0 some-prjl

{proof)

proposition extends-to-elementary-category-with-pullbacks:
shows elementary-category-with-pullbacks C some-prj0 some-prijl

(proof)

end
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context elementary-category-with-pullbacks
begin

interpretation category-with-pullbacks C

(proof)

proposition is-category-with-pullbacks:

shows category-with-pullbacks C
(proof )

end

sublocale elementary-category-with-pullbacks C category-with-pullbacks

(proof)

end
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Chapter 23

Cartesian Category

In this chapter, we explore the notion of a “cartesian category”, which we define to be
a category having binary products and a terminal object. We show that every cartesian
category extends to an “elementary cartesian category”, whose definition assumes that
specific choices have been made for projections and terminal object. Conversely, the
underlying category of an elementary cartesian category is a cartesian category. We also
show that cartesian categories are the same thing as categories with finite products.

theory CartesianCategory
imports Limit SetCat CategoryWithPullbacks
begin

23.1 Category with Binary Products

23.1.1 Binary Product Diagrams

The “shape” of a binary product diagram is a category having two distinct identity
arrows and no non-identity arrows.
locale binary-product-shape

begin

sublocale concrete-category <UNIV :: bool sety <Aa b. if a = b then {()} else {}»
QA= () A= - - - - ()

(proof)

abbreviation comp
where comp = COMP

abbreviation FF
where FI' = Mklde False

abbreviation 7T
where TT = MkIde True
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lemma arr-char:
shows arr f «— f=FF Vv f=TT
(proof)

lemma ide-char:
shows ide f «— f=FF V f =TT
(proof )

lemma is-discrete:
shows ide f +— arr f

(proof)

lemma dom-simp [simp]:
assumes arr f
shows dom f = f

(proof)

lemma cod-simp [simpl:
assumes arr f
shows cod f = f

(proof)

lemma seq-char:
shows seq fg«— arr f N f=y¢g

{proof)

lemma comp-simp [simp]:
assumes seq f g
shows comp fg=f

{proof)

end

locale binary-product-diagram =
J: binary-product-shape +
C: category C
for C :: 'c comp (infixr <> 55)
and a0 :: c
and al :: 'c +
assumes is-discrete: C.ide a0 N C.ide al
begin

notation J.comp (infixr <5 59)
fun map
where map J.FF = a0

| map J.TT = al
| map - = C.null
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sublocale diagram J.comp C map

{proof)

end

23.1.2 Category with Binary Products

A binary product in a category C is a limit of a binary product diagram in C.

context binary-product-diagram
begin

definition mkCone
where mkCone p0 p1 = Nj. if j = J.FF then p0 else if j = J.TT then pl else C.null

abbreviation is-rendered-commutative-by
where is-rendered-commutative-by p0 pl =
C.seq a0 p0 N C.seq al p1 N C.dom p0 = C.dom pl

abbreviation has-as-binary-product
where has-as-binary-product p0 p1 = limit-cone (C.dom p0) (mkCone p0 pl)

lemma cone-mkCone:
assumes is-rendered-commutative-by p0 pl1
shows cone (C.dom p0) (mkCone p0 pl)

{proof)

lemma is-rendered-commutative-by-cone:
assumes cone a x
shows is-rendered-commutative-by (x J.FF) (x J.TT)

{proof)

lemma mkCone-cone:
assumes cone a
shows mkCone (x J.FF) (x J.TT) = x

{proof)

lemma cone-iff-span:

shows cone (C.dom h) (mkCone h k) <— C.span h k N C.cod h = a0 N C.cod k = al
(proof)

lemma cones-map-mkCone-eq-iff:

assumes is-rendered-commutative-by p0 pl and is-rendered-commutative-by p0' p1’

and «h : C.dom p0' — C.dom p0»

shows cones-map h (mkCone p0 p1) = mkCone p0’ p1’ <— p0 - h = p0' N\ pl - h = p1’
(proof)

end

locale binary-product-cone =
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J: binary-product-shape +

C: category C +

D: binary-product-diagram C f0 f1 +

limit-cone J.comp C D.map <C.dom p0> <D.mkCone p0 pl>
for C :: 'c comp (infixr <> 55)

and f0 :: 'c
and fI :: 'c
and p0 :: 'c
and pl :: c
begin

lemma renders-commutative:
shows D.is-rendered-commutative-by p0 pl

{proof)

lemma is-universal’:

assumes D.is-rendered-commutative-by p0’ p1’

shows 3'h. «h : C.dom p0' — C.dom pO» A p0 - h = p0’' A pl - h = pl’
(proof )

lemma induced-arrowl "

assumes D.is-rendered-commutative-by p0’ p1’

shows «induced-arrow (C.dom p0') (D.mkCone p0' p1’) : C.dom p0' — C.dom p0»
and p0 - induced-arrow (C.dom p0') (D.mkCone p0’ p1’) = p0’

and p! - induced-arrow (C.dom p1’) (D.mkCone p0’ p1’) = p1’

(proof )

end

context category
begin

definition has-as-binary-product
where has-as-binary-product a0 al p0 p1 =
ide a0 A ide al N binary-product-diagram.has-as-binary-product C a0 al p0 pl

definition has-binary-products
where has-binary-products =
(Va0 al. ide a0 A ide al — (I p0 pl. has-as-binary-product a0 al p0 pl))

lemma has-as-binary-productl [intro:

assumes span p ¢ and cod p = a and cod ¢ = b

and Az fg. [«f:z = av;«g: 2z = ] = Flh.«h:z—>dompy Ap-h=fANqg-h=yg
shows has-as-binary-product a b p q

{proof)

lemma has-as-binary-productE [elim]:
assumes has-as-binary-product a b p q
and [«p : dom p — a»; «q : dom p — by;
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Nefog l¢fiz—ar;«g:x—=]=3h.p-h=fAqg-h=g]=T
shows T

(proof)
end

locale category-with-binary-products =
category —+
assumes has-binary-products: has-binary-products

23.1.3 Elementary Category with Binary Products

An elementary category with binary products is a category equipped with a specific way
of mapping each pair of objects a and b to a pair of arrows pi[a, b] and ppla, b] that
comprise a universal span.

locale elementary-category-with-binary-products =

category C
for C :: 'a comp (infixr <) 55)
and pr0 :: 'a = 'a = 'a (¢pol-, )
and pr! :: 'a = 'a="a (p1f- -p) +

assumes span-pr: [ ide a; ide b | = span p1[a, b] pola, b]

and cod-pr0: [ ide a; ide b | = cod pola, b] = b

and cod-prl: [ ide a; ide b ] = cod pia, b] = a

and universal: span f g => 3. pi[cod f, cod g] - Il = f A polcod f, cod g] - | = ¢
begin

lemma pr0-in-hom':
assumes ide a and ide b
shows «pgla, b] : dom pgla, b] — b»

(proof)

lemma pri-in-hom':
assumes ide a and ide b
shows «pi1[a, b] : dom pola, b] — a»

(proof)

We introduce a notation for tupling, which denotes the arrow into a product that is
induced by a span.
definition tuple (<{-, -)»)
where (f, g) = if span f g then
THE 1. p1[cod f, cod g] - L = f A po[cod f, cod g] -l =g

else null

The following defines product of arrows (not just of objects). It will take a little
while before we can prove that it is functorial, but for right now it is nice to have it as a
notation for the apex of a product cone. We have to go through some slightly unnatural
contortions in the development here, though, to avoid having to introduce a separate
preliminary notation just for the product of objects.
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definition prod (infixr «®» 51)
where f @ g = (f - pi[dom f, dom gl, g - poldom f, dom g))

lemma seq-pr-tuple:

assumes span f g

shows seq po[cod f, cod g] {f, ¢)
(proof)

lemma tuple-pr-arr:

assumes ide a and ide b and seq po[a, b] h

shows (pi[a, b] - h, pola, b] - h) = h
{proof )

lemma pr-tuple [simpl:

assumes span f g and cod f = a and cod g = b
shows pl[a" b] ! <f> g> = f and pO[a" b] ! <f7 g> =49
(proof)

lemma cod-tuple:
assumes span f g
shows cod (f, g) = cod f ® cod ¢

{proof)

lemma tuple-in-hom [introl:
assumes «f : a — b» and «g : a — c»
shows «(f, g) : a = b ® c»

(proof)

lemma tuple-in-hom' [simp]:

assumes arr f and dom f = a and cod f = b
and arr g and dom g = a and cod g = ¢
shows «(f, g) : a = b ® c»

(proof)

lemma tuple-ext:
assumes - span f g
shows (f, g) = null

(proof)

lemma tuple-simps [simp]:
assumes span f g
shows arr (f, g) and dom (f, g) = dom f and cod (f, g) = cod f ® cod g

{proof)

lemma tuple-pr [simp]:

assumes ide ¢ and ide b

shows (p1[a, b, pola, b]) = a ® b
(proof)
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lemma pr-in-hom [intro, simp:
assumes ide a and ide band x = a ® b
shows «pola, b] : z — b» and «pi[a, b] : z — a»

{proof)

lemma pr-simps [simp):

assumes ide a and ide b

shows arr pola, b] and dom pgla, ] = a ® b and cod pgla, b] = b

and arr pila, b] and dom pyfa, b = a ® b and cod pia, b] = a
(proof )

lemma pr-joint-monic:

assumes ide a and ide b and seq pola, b] h

and pogla, b] - b = pola, b] - h" and py[a, b] - h = py[a, b] - A’
shows h = h'

(proof)

lemma comp-tuple-arr [simp]:

assumes span f g and arr h and dom f = cod h
shows (f, g) - h={(f - h, g h)

(proof )

lemma ide-prod [intro, simp):
assumes ide ¢ and ide b
shows ide (a ® b)

(proof )

lemma prod-in-hom [intro]:

assumes «f : a = ¢» and «g : b — d»

shows «f ® g: a ® b = ¢ ® d»
(proof )

lemma prod-in-hom’ [simp]:

assumes arr f and dom f = a and cod f = ¢
and arr g and dom ¢ = b and cod g = d
shows «f ® g: a ® b = ¢ ® d»

(proof)

lemma prod-simps [simp]:

assumes arr f0 and arr f1

shows arr (f0 ® f1)

and dom (f0 ® f1) = dom f0 ® dom f1

and cod (f0 ® f1) = cod f0 ® cod f1
(proof)

lemma has-as-binary-product:
assumes ide ¢ and ide b
shows has-as-binary-product a b pi1[a, b] pola, b]

{proof)
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end

lemma (in category) elementary-category-with-binary-productsl:
assumes Aa b. [ide a; ide b] = has-as-binary-product a b (p a b) (¢ a b)
shows elementary-category-with-binary-products C

(Aa b. if ide a A ide b then q a b else null)

(Aa b. if ide a A ide b then p a b else null)

(proof)

23.1.4 Agreement between the Definitions

We now show that a category with binary products extends (by making a choice) to
an elementary category with binary products, and that the underlying category of an
elementary category with binary products is a category with binary products.

context category-with-binary-products
begin

definition some-pri (p1’[-, )
where some-prl a b = if ide a A ide b then
fst (SOME z. has-as-binary-product a b (fst x) (snd z))
else null

definition some-pr0 (po’[-, )
where some-pr0 a b = if ide a N ide b then
snd (SOME x. has-as-binary-product a b (fst z) (snd z))
else null

lemma pr-yields-binary-product:
assumes ide a and ide b
shows has-as-binary-product a b p1°[a, b] po’[a, b]

{proof)

interpretation elementary-category-with-binary-products C some-pr0 some-prl

(proof)

proposition ertends-to-elementary-category-with-binary-products:
shows elementary-category-with-binary-products C some-pr0 some-prl

(proof)

abbreviation some-prod  (infixr «®7> 51)
where some-prod = prod

end

locale binary-product =

category C
for C :: 'a comp
and a :: ‘a
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and b :: 'a

and p :: a

and ¢ :: 'a +

assumes has-as-binary-product: has-as-binary-product a b p q
begin

definition product
where product = dom p

lemma ide-product [intro, simp:
shows ide product

(proof)

lemma prj-in-hom [intro, simp]:
shows «p : product — a»
and «q : product — b»

(proof)

lemma prj-simps [simp):
shows dom p = product and cod p = a and dom q = product and cod ¢ = b

(proof)

definition tuple
where tuple fg= (THEh. Cph=f AN Cqh=yg)

lemma tuple-props:

assumes span f g and cod f = a and cod g = b
shows [intro, simp|: «tuple f g : dom f — product»
and [simp|: dom (tuple f g) = dom f

and [simp]: cod (tuple f g) = product

and [simp]: C p (tuple fg) = f
and [simp]: C q (tuple fg) = g
and Ah. [Cph=f, Cqh=g] = h=tuplefyg
(proof)

lemma tuple-proj:
shows [simp]: tuple p ¢ = product
(proof)

lemma pr-joint-monic:
assumes seq prz and segpyand Cpr=Cpyand Cqz=Cqy
shows z =y

(proof)

end
lemma (in category) binary-products-are-isomorphic:

assumes has-as-binary-product a b p q and has-as-binary-product a b p’ q’
shows isomorphic (dom p) (dom p’)
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and inverse-arrows (binary-product.tuple C'p q p’ q’)
(binary-product.tuple C p’ q' p q)

(proof)

context elementary-category-with-binary-products
begin

sublocale category-with-binary-products C

{proof)

proposition is-category-with-binary-products:
shows category-with-binary-products C
(proof)

end

23.1.5 Further Properties

context elementary-category-with-binary-products
begin

lemma interchange:

assumes seq h f and seq k g

shows (h® k) - (f®g)=h-f®k-g
(proof)

lemma pr-naturality [simp]:
assumes arr g and dom g = b and cod g = d
and arr f and dom f = a and cod f = ¢
shows polc, d] - (f & g) = g - pola, b)
and pl[cv d] : (f & g) =f- pl[av b]
(proof)

abbreviation dup («d[-]»)
where d[f] = (f, f)

lemma dup-in-hom [intro, simp]:
assumes «f : a = b»
shows «d[f] : a = b ® b»

(proof)

lemma dup-simps [simp]:
assumes arr f
shows arr d[f] and dom d[f] = dom f and cod d[f] = cod f & cod f

(proof)

lemma dup-naturality:
assumes «f : a — b»
shows d[b] - f = (f ® f) - d[d]
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(proof)

lemma pr-dup [simp):
assumes ide a
shows pola, a] - d[a] = a and py[a, a] - d[a] = a

(proof)

lemma prod-tuple:

assumes span f g and seq h f and seq k g

shows (h® k) - (f, 9) =(h - f, k- g)
(proof)

lemma tuple-eql:
assumes ide b and ide ¢ and seq po[b, ] f
and polb, ] - f = f0 and p1[b, ] - f = fI
shows f = (f1, f0)

(proof )

lemma tuple-expansion:

assumes span f g

shows (f ® g) - d[dom f] = (f, g)
(proof)

definition assoc (<a[-, -, -]»)
where ala, b, ¢] = (p1a, b] - p1[a @ b, |, {pola, b] - p1[a ® b, c], pola ® b, c]))

definition assoc’ («a™![-, -, )
where ail[aﬂ b7 C] = <<p1[a7 b® C]a pl[bv C] : po[aﬂ b® C]>7 Po[b, C} ! po[a, b® C]>

lemma assoc-in-hom [intro]:

assumes ide a and ide b and ide c

shows «afa, b, c]: (a®@b) ® c— a® (b c)»
{proof )

lemma assoc-simps [simp):

assumes ide o and ide b and ide c

shows arr ala, b, |

and dom afa, b, ] = (a ® b) ® ¢

and cod afa, b, ¢] = a ® (b ® ¢)
(proof)

lemma assoc’-in-hom [intro):

assumes ide ¢ and ide b and ide ¢

shows «a=1[a, b, c] : a ® (b® ¢) = (a @ b) @ c»
{proof )

lemma assoc’-simps [simp]:

assumes ide a and ide b and ide ¢
shows arr a=![a, b, ]
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and dom a='[a, b, c] = a ® (
and cod a='a, b, c] = (a ® b
(proof)

lemma pr-assoc:
assumes ide a and ide b and ide ¢
shows po[b, | - pola, b @ ¢] - ala, b, ] = pola @ b, (]
and pi[b, c| - pola, b ® ] - ala, b, ¢] = pola, b] - p1[a ® b, ]
and pifa, b ® ] - ala, b, ¢] = pia, b] - p1[a ® b, (]
(proof )

lemma pr-assoc’”:
assumes ide a and ide b and ide c
shows pi[a, b] - pifa ® b, ] - a=1[a, b, ¢] = p1[a, b @ (]
and pola, b] - p1la @ b, c] - a=a, b, ] = p1[b, ] - pola, b @ (]
and pola ® b, c] - a=[a, b, ] = po[b, ¢] - pola, b @ (]
(proof)

lemma assoc-naturality:

assumes «f0 : a0 — b0» and «fI : al — bl» and «f2 : a2 — b2»
shows a[b0, b1, b2] - ((f0 ® f1) ® f2) = (f0 ® (fI ® f2)) - a[a0, al, a2]
(proof)

lemma pentagon:

assumes ide ¢ and ide b and ide c and ide d

shows ((a ® a[b, ¢, d]) - ala, b ® ¢, d]) - (ala, b, ] ® d) = ala, b, c ® d] - ala ® b, ¢, d]
(proof)

lemma inverse-arrows-assoc:
assumes ide o and ide b and ide c
shows inverse-arrows ala, b, c] a~'[a, b, ]

(proof)

lemma inv-prod:

assumes iso f and iso g

shows iso (prod f g)

and inv (prod f g) = prod (inv f) (inv g)

(proof )

interpretation CC: product-category C C (proof)
abbreviation Prod

where Prod fg = fst fg ® snd fg

abbreviation Prod’

where Prod’ fg = snd fg @ fst fg

interpretation II: binary-functor C C C Prod
(proof )
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interpretation Prod”: binary-functor C C C Prod’
{proof )

lemma binary-functor-Prod:
shows binary-functor C C C Prod and binary-functor C C C Prod’

(proof)

interpretation CCC': product-category C CC.comp {proof)
interpretation T: binary-endofunctor C Prod (proof)
interpretation ToTC': functor CCC.comp C T.ToTC

(proof)
interpretation ToCT: functor CCC.comp C T.ToCT

(proof)

abbreviation «
where o f = a[cod (fst f), cod (fst (snd f)), cod (snd (snd f))] -
((fst f @ fst (snd f)) ® snd (snd f))

lemma a-simp-ide:
assumes CCC.ide a
shows a a = a[fst a, fst (snd a), snd (snd a)]

(proof)

interpretation «: natural-isomorphism CCC.comp C T.ToTC T.ToCT «
(proof )

lemma a-naturalityisomorphism:
shows natural-isomorphism CCC.comp C T.ToTC T.ToCT «

(proof)

definition sym (s[-, -])
where s[al, a0] = if ide a0 A ide al then (polal, a0], p1[al, a0]) else null

lemma sym-in-hom [intro]:
assumes ide a and ide b
shows «s[a, b] : a ® b = b ® a»

(proof)

lemma sym-simps [simp]:
assumes ide ¢ and ide b
shows arr s[a, b] and dom s[a, b = ¢ ® b and cod s[a, b)) = b ® a

(proof )
lemma comp-sym-tuple [simp]:
assumes «f0 : a — b0» and «f1 : a — bl»
shows s[b0, b1] - (f0, f1) = (f1, f0)

(proof )

lemma prj-sym [simp):
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assumes ide a0 and ide al

shows polal, a0] - s[a0, al] = pi[al, al]

and pifal, a0] - s[a0, al] = polal, al]
{proof)

lemma comp-sym-sym [simp]:

assumes ide a0 and ide al

shows s[al, a0] - s[a0, al] = (a0 ® al)
(proof)

lemma sym-inverse-arrows:
assumes ide a0 and ide al
shows inverse-arrows s[a0, al] s[al, a0]

{proof)

lemma sym-assoc-coherence:

assumes ide o and ide b and ide c

shows alb, ¢, a] - s[a, b ® ] - ala, b, ¢] = (b ® sla, c]) - alb, a, ] - (s[a, b] ® ¢)
(proof)

lemma sym-naturality:

assumes «f0 : a0 — b0» and «f1 : al — b1»

shows s[b0, b1] - (f0 ® f1) = (fI ® f0) - s[a0, al]
{proof )

abbreviation o
where o fg = s[cod (fst fg), cod (snd fg)] - (fst fg ® snd fg)

interpretation o: natural-transformation CC.comp C Prod Prod' o

{proof)

lemma o-naturalitytransformation:
shows natural-transformation CC.comp C Prod Prod’ o

(proof)

abbreviation Diag
where Diag f = if arr f then (f, f) else CC.null

interpretation A: functor C CC.comp Diag
(proof)

lemma functor-Diag:
shows functor C' CC.comp Diag
{proof )

interpretation Aoll: composite-functor CC.comp C CC.comp Prod Diag {proof)
interpretation IToA: composite-functor C CC.comp C Diag Prod (proof)

abbreviation 7
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where m = A(f, g). (p1[cod f, cod g] - (f ® g), polcod f, cod g] - (f @ g))

interpretation : transformation-by-components CC.comp CC.comp Aoll.map CC.map 7

{proof)

lemma w-naturalitytransformation:
shows natural-transformation CC.comp CC.comp Aoll.map CC.map 7

{proof)

interpretation J: natural-transformation C C map IMoA.map dup

(proof)

lemma dup-naturalitytransformation:
shows natural-transformation C' C map IoA.map dup

(proof)

interpretation AolloA: composite-functor C CC.comp CC.comp Diag Aoll.map (proof)
interpretation IToAoll: composite-functor CC.comp C C Prod IloA.map (proof)

interpretation Aod: natural-transformation C CC.comp Diag AolloA.map <Diag o dup>
(proof )

interpretation doll: natural-transformation CC.comp C Prod IlloAoll.map <dup o Prod»
(proof)

interpretation moA: natural-transformation C CC.comp AolloA.map Diag <w.map o Diag>

(proof)

interpretation Ilom: natural-transformation CC.comp C IoAoll.map Prod <Prod o w.map>

{proof)

interpretation Aod-moA: vertical-composite C CC.comp Diag AolloA.map Diag
«Diag o dupy <m.map o Diag»

(proof)
interpretation Ilom-doll: vertical-composite CC.comp C Prod MlloAoll.map Prod

<dup o Prod> <Prod o m.map>
(proof)

interpretation AIl: unit-counit-adjunction CC.comp C Diag Prod dup w.map
(proof)

proposition induces-unit-counit-adjunction:
shows unit-counit-adjunction CC.comp C Diag Prod dup w.map

(proof)

end
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23.2 Category with Terminal Object

locale category-with-terminal-object =
category —+
assumes has-terminal: 3 t. terminal t

locale elementary-category-with-terminal-object =
category C

for C :: 'a comp (infixr <» 55)
and one :: ‘a («1y)
and trm :: 'a = 'a («t[-p) +

assumes ide-one: ide 1

and trm-in-hom [intro, simp: ide a => «t[a] : a — 1»
and trm-eql: [ ide a; «f : a — 1» | = [ = t[d]
begin

lemma trm-simps [simp]:
assumes ide a
shows arr t[a] and dom t[a] = a and cod t[a] = 1

(proof)

lemma trm-one:
shows t[1] =1
(proof )

lemma terminal-one:
shows terminal 1

(proof)

lemma trm-naturality:

assumes arr f

shows t[cod f] - f = t[dom f]
(proof )

sublocale category-with-terminal-object C
(proof)

proposition is-category-with-terminal-object:
shows category-with-terminal-object C

(proof)

definition 7
where 7 = (Af. if arr f then trm (dom f) else null)

lemma 7-in-hom [intro, simp]:
assumes arr f
shows «7 f : dom f — 1»

{proof)
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lemma 7-simps [simp]:
assumes arr f
shows arr (7 f) and dom (7 f) = dom f and cod (7 f) =1

{proof)

sublocale Q: constant-functor C C' 1
(proof)

sublocale 7: natural-transformation C C map Q.map T

(proof)

end

context category-with-terminal-object
begin

definition some-terminal (¢17))
where some-terminal = SOME t. terminal t

definition some-terminator («t*[-])
where t’[f] = if arr f then THE t. «t : dom f — 17» else null

lemma terminal-some-terminal [intro]:
shows terminal 17

{proof)

lemma ide-some-terminal:
. ?
shows ide 1°

(proof)

lemma some-trm-in-hom [introl:
assumes arr f
shows «t’[f] : dom f — 17»

{proof)

lemma some-trm-simps [simp):

assumes arr f

shows arr t’[f] and dom t’[f] = dom f and cod t’[f] = 17
{proof )

lemma some-trm-eql:
assumes «t : dom f — 17°»
shows t = t’[f]

(proof)

proposition ertends-to-elementary-category-with-terminal-object:
shows elementary-category-with-terminal-object C 17 (\a. t*[a])

(proof)
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end

lemma (in category-with-terminal-object) binary-product-is-pullback:
assumes has-as-binary-product a b p q

shows has-as-pullback t*[a] t*[b] p q

(proof)

23.3 Cartesian Category

locale cartesian-category =
category-with-binary-products +
category-with-terminal-object

locale category-with-pullbacks-and-terminal-object =
category-with-pullbacks +
category-with-terminal-object

begin

sublocale category-with-binary-products C

{proof)
sublocale cartesian-category C (proof)
end

locale elementary-cartesian-category =
elementary-category-with-binary-products +
elementary-category-with-terminal-object
begin

sublocale cartesian-category C

(proof)

proposition is-cartesian-category:
shows cartesian-category C

(proof)

end

context cartesian-category
begin

proposition extends-to-elementary-cartesian-category:

shows clementary-cartesian-category C some-pr0 some-prl 17 (Xa. t*[a])
(proof )

end
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23.3.1 Monoidal Structure

Here we prove some facts that will later allow us to show that an elementary cartesian
category is a monoidal category.

context elementary-cartesian-category
begin

abbreviation ¢
where © = pg[1, 1]

lemma pr-coincidence:
shows ¢ = py[1, 1]
(proof )

lemma unit-is-terminal-arr:
shows terminal-arr ¢

(proof)

lemma unit-eq-trm:
shows = t[1 ® 1]
(proof)

lemma inverse-arrows-v:
shows inverse-arrows ¢ (1, 1)

(proof)

lemma ¢-is-iso:
shows iso ¢

(proof)

lemma trm-tensor:

assumes ide a and ide b

shows tla ® b] = ¢ - (t[a] ® t[b])
(proof)

abbreviation runit («[-])
where r[a] = pi1[a, 1]

abbreviation runit’ (<7 [-]»)
where r~![a] = (a, t[a])

abbreviation lunit (<1[-)»)
where 1[a] = po[1, q

abbreviation lunit’ (<171[-]»)
where 171[a] = (t[a], a)

lemma runit-in-hom:
assumes ide a
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shows «rfa] : a ® 1 — a»
{proof)

lemma runit’-in-hom:
assumes ide a
shows «r71[a] : a = a ® 1»

(proof)

lemma [unit-in-hom:
assumes ide a
shows «lfa] : 1 ® a — a»

{proof)

lemma lunit’-in-hom:
assumes ide a
shows «171[a] : a - 1 ® a»

(proof)

lemma runit-naturality:

assumes a7 f

shows rfcod f] - (f ® 1) = f - r[dom f]
(proof)

lemma inverse-arrows-runit:
assumes ide a
shows inverse-arrows r[a] r~[a]

{proof)

lemma lunit-naturality:

assumes arr f

shows C llcod f] (1 ® f) = C f 1[dom f]
(proof )

lemma inverse-arrows-lunit:
assumes ide a
shows inverse-arrows 1[a] 171[d]

(proof )

lemma pr-expansion:

assumes ide ¢ and ide b

shows pola, b] = 1[b] - (t[a] ® b) and p;[a, b] = r[a] - (a ® t[b])
(proof )

lemma comp-lunit-term-dup:

assumes ide a

shows 1[a] - (t[a] ® a) - d[a] = a
(proof )

lemma comp-runit-term-dup:
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assumes ide a
shows rfa] - (¢ ® t[a]) - d[a] = a
(proof)

lemma dup-coassoc:

assumes ide a

shows ala, a, a] - (d[a] ® a) - d]a] = (a ® d[a]) - d[d]
(proof )

lemma comp-assoc-tuple:
assumes «f0 : a — b0» and «f1 : a — bI» and «f2 : a — b2»
shows a[b0, b1, b2] - ({0, f1), f2) = {f0, {f1, f2))
and a~1[b0, b1, b2] - (fO, (f1, 2)) = (0, f1), 2)
(proof)

lemma dup-tensor:

assumes ide a and ide b

shows d[a ® b] = a"!a, b, a ® b] - (a @ a|
(a ® a_l[au b, b]) ’ a[av a, b ] ’ (d[a] ® d[b])

(proof)

lemma terminal-tensor-one-one:
shows terminal (1 ® 1)

(proof )

end

23.3.2 Exponentials

The following prepare the way for the definition of cartesian closed categories. The notion
of exponential has to be defined in relation to products. Here we use a generic choice of
products for this purpose.

context cartesian-category
begin

definition has-as-exponential
where has-as-exponential b ¢ x e =
ide b N\ ide x N\ «e : some-prod z b — c» A
(Vag. ide a A «g: some-prod a b — ¢» —
3. «f:a— x» A g= C e (some-prod fb)))

lemma has-as-exponentiall [intro]:
assumes ide b and ide z and «e : some-prod x b — c»
and Aa g. [ide a; «g : some-prod a b — c¢»] = f. «f 1 a = 2» A g = C e (some-prod f b)
shows has-as-exponential b ¢ x e
(proof )
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lemma has-as-exponentialE [elim]:
assumes has-as-exponential b ¢ T e
and [ide b; ide z; «e : some-prod x b — c»;
Na g. [ide a; «g : some-prod a b — c»] = 3If. «f : a = 2» A g = C e (some-prod f b)]
=T
shows T

(proof)

lemma exponentials-are-isomorphic:

assumes has-as-exponential b ¢ v e and has-as-exponential b ¢ z’ e’
shows J!h. «<h : z — z'» A e = e/ - some-prod h b

and Ah. [«h 2 — z'»; e = €' - (some-prod h b)] = iso h

(proof)

end

23.4 Category with Finite Products

In this last section, we show that the notion “cartesian category”, which we defined to be
a category with binary products and terminal object, coincides with the notion “category
with finite products”. Due to the inability to quantify over types in HOL, we content
ourselves with defining the latter notion as "has I-indexed products for every finite set
I of natural numbers.” We can transfer this property to finite sets at other types using
the fact that products are preserved under bijections of the index sets.

locale category-with-finite-products =
category C
for C :: 'c comp +
assumes has-finite-products: finite (I :: nat set) = has-products I
begin

lemma has-finite-products’:
assumes [ # UNIV
shows finite I = has-products I

(proof)

end

lemma (in category) has-binary-products-if:
assumes has-products ({0, 1} :: nat set)
shows has-binary-products

(proof)

sublocale category-with-finite-products C category-with-binary-products C

(proof )

proposition (in category-with-finite-products) is-category-with-binary-productsc  p:
shows category-with-binary-products C

{proof)
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sublocale category-with-finite-products C category-with-terminal-object C
(proof)

proposition (in category-with-finite-products) is-category-with-terminal-objectc p p:
shows category-with-terminal-object C'

{proof)

sublocale category-with-finite-products C cartesian-category {proof)

proposition (in category-with-finite-products) is-cartesian-categoryc r p:
shows cartesian-category C

{proof)

context category
begin

lemma binary-product-of-products-is-product:
assumes has-as-product JO DO a0 and has-as-product J1 D1 al
and has-as-binary-product a0 al p0 pl
and Collect (partial-composition.arr J0) N Collect (partial-composition.arr J1) = {}
and partial-magma.null JO = partial-magma.null J1
shows has-as-product
(discrete-category.comp
(Collect (partial-composition.arr J0) U Collect (partial-composition.arr J1))
(partial-magma.null J0O))
(Mi. if ¢ € Collect (partial-composition.arr JO) then DO i
else if i € Collect (partial-composition.arr J1) then D1 i
else null)
(dom p0)
(proof )

end

sublocale cartesian-category C category-with-finite-products

(proof)

proposition (in cartesian-category) is-category-with-finite-products:
shows category-with-finite-products C
(proof)

end
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Chapter 24
Category with Finite Limits

theory CategoryWithFiniteLimits
imports CartesianCategory Category WithPullbacks
begin

In this chapter we define “category with finite limits” and show that such categories
coincide with those having pullbacks and a terminal object.

Since we can’t quantify over types in HOL, the best we can do at defining the notion
“category with finite limits” is to state it for a fixed choice of type (e.g. nat) for the
arrows of the “diagram shape”. However, we then have to go to some trouble to show
the existence of finite limits for diagram shapes at other types.

locale category-with-finite-limits =
category +
assumes has-finite-limits:
[ category (J :: nat comp); finite (Collect (partial-composition.arr J)) |
= has-limits-of-shape J
begin

We show that a category with finite limits has pullbacks and a terminal object and

is therefore also a cartesian category.

interpretation category-with-pullbacks C

{proof)

lemma is-category-with-pullbacks:
shows category-with-pullbacks C

(proof)

sublocale category-with-pullbacks C {proof)

interpretation category-with-terminal-object C

(proof )

lemma is-category-with-terminal-object:
shows category-with-terminal-object C

{proof)
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sublocale category-with-terminal-object C (proof)

sublocale category-with-finite-products

(proof)

sublocale cartesian-category {proof)
end

locale category-with-pullbacks-and-terminal =
category-with-pullbacks +
category-with-terminal-object

sublocale category-with-finite-limits C category-with-pullbacks-and-terminal (proof)

Conversely, we show that a category with pullbacks and a terminal object also has
finite products and equalizers, and therefore has finite limits.

context category-with-pullbacks-and-terminal
begin

interpretation ECP: elementary-category-with-pullbacks C some-prj0 some-prijl
(proof )

abbreviation some-prj0’
where some-prj0’ a b = (if ide a A ide b then some-prj0 t*[a] t*[b] else null)

abbreviation some-prj1’
where some-prjl’ a b = (if ide a A ide b then some-prjl t*[a] t*[b] else null)

interpretation ECC: elementary-category-with-terminal-object C' <1°» «\a. t*[a]>

(proof)
interpretation ECC: elementary-cartesian-category C some-prj0’ some-prj1’ 1% <\a. t*[a)>

(proof)

interpretation category-with-equalizers C

{proof)

interpretation category-with-finite-products C

(proof)

lemma has-finite-products:
shows category-with-finite-products C

(proof)

lemma has-finite-limits:
shows category-with-finite-limits C

{proof)
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sublocale category-with-finite-limits C
{proof )

end

end
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Chapter 25

Cartesian Closed Category

theory CartesianClosedCategory
imports CartesianCategory
begin

A cartesian closed category is a cartesian category such that, for every object b, the
functor prod - b is a left adjoint functor. A right adjoint to this functor takes each object
¢ to the exponential exp b c. The adjunction yields a natural bijection between hom
(prod a b) ¢ and hom a (exp b c).

locale cartesian-closed-category =
cartesitan-category +
assumes left-adjoint-prod-ax: \b. ide b = left-adjoint-functor C C (Az. some-prod x b)

locale elementary-cartesian-closed-category =
elementary-cartesian-category C pr0 prl one trm

for C :: 'a = 'a = ‘o (infixr «» 55)

and pr0 :: 'a = 'a = 'a (po[-, )

and prl = 'a = 'a = "a (p1[-, )

and one :: 'a (x1»)

and trm = 'a = a (<t[-]»)

and ezp :: 'a = ‘a = 'a

and eval :: 'a = 'a = 'a

and curry :: ‘a = ‘a = 'a = 'a = 'a +

assumes eval-in-hom-az: [ ide b; ide ¢ | = «eval b ¢ : prod (exp b ¢) b — c»

and ide-exp-azx [intro]: [ ide b; ide ¢ | = ide (exp b c)

and curry-in-hom: [ ide a; ide b; ide c; «g : prod a b — c» |
= «curryabcg:a— expbcy

and uncurry-curry-az: [ ide a; ide b; ide ¢; «g : prod a b — ¢» |
= eval b ¢ - prod (curryabcg) b=g

and curry-uncurry-az: [ ide a; ide b; ide ¢; «h :a — exp b c» |
= curry a b ¢ (eval b ¢ - prod h b) = h

context cartesian-closed-category
begin
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interpretation elementary-cartesian-category C some-pr0 some-pri 17> \a. t’[a]>
{proof )

lemma has-exponentials:
assumes ide b and ide ¢
shows Jz e. ide z A «e:z ®° b — c» A
(Vag. ideah«g:a® b—cr — Q. «fra—=av Ag=ce-(f D))
(proof)

definition some-exp (<exp”>)
where some-exp b ¢ = SOMFE x. ide x A
(Fe. «e:x® b— c» A
(Vag. idea A «g:a®b— c»
— 3. «fra—=ar ANg=c¢e-(fR"D)))

definition some-eval (<eval®)
where some-eval b ¢ = SOME e. «e : exp’ bc® b — c» A
(Vag. idea A «g:a® b— c»
— 3. «fra—=exp’ber Ag=ce-(f @ D))

definition some-Curry (<Curry®»)
where some-Curry a b c g = THE f. «f : a — exp’ ber A g = eval’ bc- (f @ b)

lemma Curry-uniqueness:
assumes ide b and ide c
shows ide (exp’ b c)
and «eval’ bc:exp’ be® b— c»
and [ ide a; «g:a @ b — c» | =
lIf.«f:a—exp’ ber ANg=eval’ bec- (f @ D)
(proof )

lemma ide-exp [intro, simpl:
assumes ide b and ide c
shows ide (exp’ b c)

(proof)

lemma eval-in-hom [intro]:
assumes ide b and ide c and z = exp’ b ¢ ®" b
shows «eval’ b c:z — c»

(proof)

lemma Uncurry-Curry:

assumes ide a and ide b and «g: a @ b — c»

shows «Curry’ abcg:a— exp’ ber Ag=eval’ bec- (Curry’ abcg® b)
(proof)

lemma Curry-Uncurry:
assumes ide b and ide ¢ and «h : a — exp’ b c»
shows Curry’ a b c (eval” bc- (h ®" b)) = h
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{proof)

lemma Curry-in-hom [introl:
assumes ide a and ide b and «g: a @ b — c»
shows «Curry” abcg:a— exp’ b c»

(proof)

lemma Curry-simps [simpl:
assumes ide a and ide b and «g: a @ b — c»
shows arr (Curry’ a b c g)
and dom (Curry’ abcg) =a
and cod (Curry” a b c g) = exp” b c
(proof)

lemma eval-simps [simp]:

assumes ide b and ide c and z = (exp’ b c) @ b
shows arr (eval’ b c)

and dom (eval’ b c) =z

and cod (eval’ b c) = c

{proof)

interpretation elementary-cartesian-closed-category C some-pr0 some-prl
A’y «Aa. t’[a]> some-exp some-eval some-Curry

(proof)

lemma extends-to-elementary-cartesian-closed-category:
shows elementary-cartesian-closed-category C some-pr0 some-pri
17 (Aa. t7[a]) some-exp some-eval some-Curry

(proof)

lemma has-as-exponential:
assumes ide b and ide ¢
shows has-as-exponential b ¢ (exp” b ¢) (eval” b c)

{proof)

lemma has-as-exponential-iff:
shows has-as-exponential b ¢ x e +—

ide b A «e:z®" b — c» A

(3h. «h:x— ewp” ber Ae=eval’ bec- (h® b) A isoh)
(proof)

end

context elementary-cartesian-closed-category
begin

lemma left-adjoint-prod:

assumes ide b
shows left-adjoint-functor C C (Az. x ® b)
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{proof)

sublocale cartesian-category C
(proof )

sublocale cartesian-closed-category C
(proof)

lemma is-cartesian-closed-category:
shows cartesian-closed-category C

(proof)

end

end
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Chapter 26

The Category of Hereditarily
Finite Sets

theory HF-SetCat
imports Category WithFiniteLimits CartesianClosedCategory HereditarilyFinite. HF
begin

This theory constructs a category whose objects are in bijective correspondence
with the hereditarily finite sets and whose arrows correspond to the functions between
such sets. We show that this category is cartesian closed and has finite limits. Note
that up to this point we have not constructed any other interpretation for the carte-
siam-closed-category locale, but it is important to have one to ensure that the locale
assumptions are consistent.

26.1 Preliminaries

We begin with some preliminary definitions and facts about hereditarily finite sets, which
are better targeted toward what we are trying to do here than what already exists in
HereditarilyFinite. HF.

The following defines when a hereditarily finite set F' represents a function from a
hereditarily finite set B to a hereditarily finite set C. Specifically, F' must be a relation
from B to C, whose domain is B, whose range is contained in C, and which is single-valued
on its domain.

definition Afun
where hfun B C F = F < B % C A hfunction F N hdomain F = B A hrange F < C

lemma hfunl [intro]:
assumes F < 4 x B
and AX. Xe A= 3lY. (X, Y)eF
and A XY. (X, Y)e F= YEB
shows hfun A B F

(proof)
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lemma AfunE [elim]:

assumes hfun B C F

and (AY. YeB= 31Z.(Y,Z2)e F))ANNZ.(Y,Z)eF —Z€(C) =T
shows T

(proof)

The hereditarily finite set hexp B C represents the collection of all functions from B
to C.

definition hexp
where hexp B C = {F € HPow (B x C). hfun B C F|}

lemma hfun-in-hexp:
assumes hfun B C F
shows F € hexp B C

(proof)

The function happ applies a function F' from B to C to an element of B, yielding an
element of C.

abbreviation happ
where happ = app

lemma happ-mapsto:
assumes F' € hexp B C' and Y € B
shows happ F' Y € C' and happ F Y € hrange F

(proof)

lemma happ-expansion:
assumes hfun B C' F
shows F = {XY € B« C. hsnd XY = happ F (hfst XY)}

(proof)

Function hlam takes a function F from A * B to C to a function hlam F from A to
hexp B C.

definition hlam
where hlam A B C F =
{XG € A * hexp B C.
VYZ. YZ € hsnd XG <— is-hpair YZ N ((hfst XG, hfst YZ), hsnd YZ) € F|}

lemma hfun-hlam:
assumes hfun (A « B) C F
shows hfun A (hexp B C) (hlam A B C'F)

(proof)

lemma happ-hlam:

assumes X € A and hfun (A * B) C F

shows 3!G. (X, G) € hlam A BC F

and happ (hlam A B C F) X = (THE G. (X, G) € hlam A B C F)

and happ (hlam A B CF) X = {yz € B = C. (X, hfst yz), hsnd yz) € F}
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and Y € B = happ (happ (hlam A BCF) X) Y = happ F (X, Y)
(proof)

26.2 Construction of the Category

locale hfsetcat
begin

We construct the category of hereditarily finite sets and functions simply by applying
the generic “set category” construction, using the hereditarily finite sets as the universe,
and constraining the collections of such sets that determine objects of the category to
those that are finite.

interpretation setcat « TYPE(hf)> finite

(proof)
interpretation set-category comp <(AA. A C Collect terminal N finite (elem-of < A)»

(proof)

lemma set-ide-char:
shows A € set ¢ Collect ide +— A C Univ A finite A

{proof)

lemma set-ideD:
assumes ide a
shows set a C Univ and finite (set a)

(proof)

lemma ide-mkldel [intro]:
assumes A C Univ and finite A
shows ide (mklde A) and set (mklde A) = A

(proof)

interpretation category-with-terminal-object comp

{proof)

We verify that the objects of HF are indeed in bijective correspondence with the
hereditarily finite sets.

definition ide-to-hf

where ide-to-hf a = HF (elem-of * set a)

definition hf-to-ide
where hf-to-ide x = mklde (arr-of ¢ hfset x)

lemma ide-to-hf-mapsto:

shows ide-to-hf € Collect ide — UNIV
(proof )

lemma hf-to-ide-mapsto:

shows hf-to-ide € UNIV — Collect ide
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{proof)

lemma hf-to-ide-ide-to-hf:
assumes a € Collect ide

shows hf-to-ide (ide-to-hf a) = a
(proof )

lemma ide-to-hf-hf-to-ide:
assumes z € UNIV

shows ide-to-hf (hf-to-ide ) = x
(proof)

lemma bij-betw-ide-hf-set:
shows bij-betw ide-to-hf (Collect ide) (UNIV :: hf set)
(proof)

lemma ide-implies-finite-set:
assumes ide a
shows finite (set a) and finite (hom unity a)

{proof)

We establish the connection between the membership relation defined for hereditarily
finite sets and the corresponding membership relation associated with the set category.

lemma arr-of-membl [intro]:
assumes z € ide-to-hf a
shows arr-of x € set a

{proof)

lemma elem-of-membl [intro]:
assumes ide a and z € set a
shows elem-of x € ide-to-hf a

{proof)

We show that each hom-set hom a b is in bijective correspondence with the elements
of the hereditarily finite set hfun (ide-to-hf a) (ide-to-hf b).

definition arr-to-hfun
where arr-to-hfun f = {XY € ide-to-hf (dom f) x ide-to-hf (cod f).
hsnd XY = elem-of (Fun f (arr-of (hfst XY)))}

definition hfun-to-arr
where hfun-to-arr B C F =
mkArr (arr-of ¢ hfset B) (arr-of ¢ hfset C) (Az. arr-of (happ F (elem-of x)))

lemma hfun-arr-to-hfun:

assumes a7 f

shows hfun (ide-to-hf (dom f)) (ide-to-hf (cod f)) (arr-to-hfun f)
(proof)

lemma arr-to-hfun-in-hexp:
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assumes arr f
shows arr-to-hfun f € hexp (ide-to-hf (dom f)) (ide-to-hf (cod f))
(proof)

lemma hfun-to-arr-in-hom:
assumes hfun B C F
shows «hfun-to-arr B C' F : hf-to-ide B — hf-to-ide C»

{proof)

The comprehension notation from HereditarilyFinite. HF interferes in an unfortunate
way with the restriction notation from HOL— Library. FuncSet, making it impossible to
use both in the present context.

lemma Fun-char:
assumes a7 f
shows Fun f = restrict (Az. arr-of (happ (arr-to-hfun f) (elem-of z))) (Dom f)

{proof)

lemma Fun-hfun-to-arr:

assumes hfun B C'F

shows Fun (hfun-to-arr B C F) = restrict (\z. arr-of (happ F (elem-of x))) (arr-of ¢ hfset
B)

(proof )

lemma arr-of-img-hfset-ide-to-hf:
assumes ide a

shows arr-of ‘ hfset (ide-to-hf a) = set a
(proof )

lemma hfun-to-arr-arr-to-hfun:

assumes a7 f

shows hfun-to-arr (ide-to-hf (dom f)) (ide-to-hf (cod f)) (arr-to-hfun f) = f
(proof)

lemma arr-to-hfun-hfun-to-arr:

assumes hfun B C'F

shows arr-to-hfun (hfun-to-arr B C F) = F
(proof )

lemma bij-betw-hom-hfun:

assumes ide ¢ and ide b

shows bij-betw arr-to-hfun (hom a b) {F. hfun (ide-to-hf a) (ide-to-hf b) F'}
(proof)

We next relate composition of arrows in the category to the corresponding operation
on hereditarily finite sets.

definition hcomp
where hcomp G F =
{XZ € hdomain F * hrange G. hsnd XZ = happ G (happ F (hfst XZ))}}
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lemma hfun-hcomp:
assumes hfun A B F and hfun B C G
shows hfun A C (hcomp G F)

{proof)

lemma arr-to-hfun-comp:

assumes seq g f

shows arr-to-hfun (comp g f) = hcomp (arr-to-hfun g) (arr-to-hfun f)
(proof )

lemma hfun-to-arr-hcomp:
assumes hfun A B F and hfun B C G
shows hfun-to-arr A C' (hcomp G F) = comp (hfun-to-arr B C' G) (hfun-to-arr A B F)

{proof)

26.3 Binary Products

The category of hereditarily finite sets has binary products, given by cartesian product
of sets in the usual way.

definition prod
where prod a b = hf-to-ide (ide-to-hf a % ide-to-hf b)

definition pro0
where pr0 a b = (if ide a A ide b then
mkArr (set (prod a b)) (set b) (Az. arr-of (hsnd (elem-of x)))
else null)

definition pri
where prl a b = (if ide a A ide b then
mkArr (set (prod a b)) (set a) (Az. arr-of (hfst (elem-of x)))
else null)

definition tuple
where tuple f g = mkArr (set (dom f)) (set (prod (cod f) (cod g)))
(Az. arr-of (hpair (elem-of (Fun f z)) (elem-of (Fun g x))))

lemma ide-prod:
assumes ide a and ide b
shows ide (prod a b)

(proof)

lemma pri-in-hom [intro]:
assumes ide a and ide b
shows «prf a b: prod a b — a»

{proof)

lemma pri-simps [simp]:
assumes ide a and ide b
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shows arr (prl a b) and dom (pr! a b) = prod a b and cod (prl a b) = a
(proof)

lemma pr0-in-hom [intro]:
assumes ide a and ide b
shows «pr0 a b : prod a b — b»

{proof)

lemma pro-simps [simp):
assumes ide a and ide b
shows arr (pr0 a b) and dom (pr0 a b) = prod a b and cod (pr0 a b) = b

(proof)

lemma arr-of-tuple-elem-of-membl:
assumes span f g and © € Dom f
shows arr-of (elem-of (Fun f z), elem-of (Fun g x)) € set (prod (cod f) (cod g))

{proof)

lemma tuple-in-hom [introl:
assumes span f g
shows «tuple f g : dom f — prod (cod f) (cod g)»

{proof)

lemma tuple-simps [simp]:
assumes span f g
shows arr (tuple f g) and dom (tuple f g) = dom f
and cod (tuple f g) = prod (cod f) (cod g)
(proof )

lemma Fun-pri:
assumes ide ¢ and ide b
shows Fun (prl a b) = restrict (Az. arr-of (hfst (elem-of z))) (set (prod a b))

(proof)

lemma Fun-pr0:
assumes ide a and ide b
shows Fun (pr0 a b) = restrict (\z. arr-of (hsnd (elem-of ))) (set (prod a b))

(proof)

lemma Fun-tuple:
assumes span f g
shows Fun (tuple f g) = restrict (\x. arr-of (elem-of (Fun f ), elem-of (Fun g x))) (Dom

{proof)

lemma pri-tuple:

assumes span f g

shows comp (pr1 (cod f) (cod g)) (tuple f g) = f
(proof)
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lemma pro-tuple:
assumes span f g
shows comp (pr0 (cod f) (cod g)) (tuple f g) = g

(proof )

lemma tuple-pr:

assumes ide a and ide b and «h : dom h — prod a b»
shows tuple (comp (prl a b) h) (comp (pr0 a b) h) = h
(proof)

interpretation HF': elementary-category-with-binary-products comp pr0 prl

{proof)

For reasons of economy of locale parameters, the notion prod is a defined notion
of the elementary-category-with-binary-products locale. However, we need to be able
to relate this notion to that of cartesian product of hereditarily finite sets, which we
have already used to give a definition of prod. The locale assumptions for elemen-
tary-cartesian-closed-category refer specifically to HF'.prod, even though in the end the
notion itself does not depend on that choice. To be able to show that the locale as-
sumptions of elementary-cartesian-closed-category are satisfied, we need to use a choice
of products that we can relate to the cartesian product of hereditarily finite sets. We
therefore need to show that our previously defined prod coincides (on objects) with the
one defined in the elementary-category-with-binary-products locale; i.e. HF'.prod. Note
that the latter is defined for all arrows, not just identity arrows, so we need to use that
for the subsequent definitions and proofs.

lemma prod-ide-eq:

assumes ide a and ide b

shows prod a b = HF'.prod a b

(proof)

lemma tuple-span-eq:
assumes span f g
shows tuple f g = HF'.tuple f g

(proof)

26.4 Exponentials

We now turn our attention to exponentials.

definition exp
where exp b ¢ = hf-to-ide (hexp (ide-to-hf b) (ide-to-hf c))

definition eval
where eval b ¢ = mkArr (set (HF'.prod (exp b ¢) b)) (set ¢)
(Az. arr-of (happ (hfst (elem-of x)) (hsnd (elem-of x))))

definition A
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where A a b ¢ f = mkArr (set a) (set (exp b c))
(Az. arr-of (happ (hlam (ide-to-hf a) (ide-to-hf b) (ide-to-hf c)
(arr-to-hfun f))
(elem-of 1))

lemma ide-exp:
assumes ide b and ide ¢
shows ide (exp b ¢)

{proof)

lemma hfset-ide-to-hf:

assumes ide a

shows hfset (ide-to-hf a) = elem-of * set a
(proof )

lemma eval-in-hom [intro]:

assumes ide b and ide c

shows in-hom (eval b ¢) (HF'.prod (exp b ¢) b) ¢
{proof)

lemma eval-simps [simp]:

assumes ide b and ide c

shows arr (eval b ¢)

and dom (eval b ¢) = HF'.prod (exp b ¢) b
and cod (eval b ¢) = ¢

(proof)

lemma hlam-arr-to-hfun-in-hexp:
assumes ide o and ide b and ide c
and in-hom f (prod a b) c
shows hlam (ide-to-hf a) (ide-to-hf b) (ide-to-hf c) (arr-to-hfun f)
€ hexp (ide-to-hf a) (ide-to-hf (exp b ¢))
(proof)

lemma lam-in-hom [intro:

assumes ide o and ide b and ide c
and in-hom [ (prod a b) ¢

shows in-hom (A a b cf) a (exp b )
(proof)

lemma lam-simps [simpl:

assumes ide a and ide b and ide c
and in-hom f (prod a b) ¢

shows arr (A a b ¢ f)

and dom (Aabcf)=a

and cod (Aabcf)=capbc

(proof)

lemma Fun-lam:
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assumes ide ¢ and ide b and ide ¢
and in-hom f (prod a b) c
shows Fun (A abcf) =
restrict (Az. arr-of (happ (hlam (ide-to-hf a) (ide-to-hf b) (ide-to-hf c¢) (arr-to-hfun f))
(elem-of x)))
(set a)
(proof)

lemma Fun-eval:
assumes ide b and ide c
shows Fun (eval b ¢) = restrict (Az. arr-of (happ (hfst (elem-of z)) (hsnd (elem-of x))))
(set (HF'.prod (exp b c) b))
(proof)

lemma Fun-prod:

assumes arr [ and arr g and z € set (prod (dom f) (dom g))

shows Fun (HF'.prod f g) © = arr-of (elem-of (Fun f (arr-of (hfst (elem-of z)))),
elem-of (Fun g (arr-of (hsnd (elem-of x)))))

(proof)

lemma prod-in-terms-of-tuple:

assumes arr f and arr g

shows HF'.prod f g =
e Lo £t dom ) (dom ) (eomp g (0 (dom ) (dom )
Proo

lemma eval-prod-lam:

assumes ide o and ide b and ide c

and in-hom g (prod a b) ¢

shows comp (eval b ¢) (HF .prod (A abcg)b) =g

(proof)

lemma lam-eval-prod:

assumes ide o and ide b and ide c

and in-hom h a (exp b ¢)

shows A a b ¢ (comp (eval b ¢) (HF'.prod h b)) = h
(proof)

26.5 The Main Results

interpretation cartesian-closed-category comp

(proof )

theorem is-cartesian-closed-category:
shows cartesian-closed-category comp

{proof)

theorem is-category-with-finite-limits:
shows category-with-finite-limits comp
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{proof)

end

end

theory HF-SetCat-Interp
imports HF-SetCat
begin

Here we demonstrate the possibility of making a top-level interpretation of the hfsetcat
locale. See theory SetCat-Interp for further discussion on why we do this.

interpretation HF-Sets: hfsetcat (proof)

end

259



Chapter 27

ZFC SetCat

In the statement and proof of the Yoneda Lemma given in theory Yoneda, we sidestepped
the issue, of not having a category of “all” sets, by axiomatizing the notion of a “set
category”, showing that for every category we could obtain a hom-functor into a set
category at a higher type, and then proving the Yoneda lemma for that particular hom-
functor. This is perhaps the best we can do within HOL, because HOL does not provide
any type that contains a universe of sets with the closure properties usually associated
with a category Set of sets and functions between them. However, a significant aspect of
category theory involves considering “all” algebraic structures of a particular kind as the
objects of a “large” category having nice closure or completeness properties. Being able
to consider a category of sets that is “small-complete”, or a cartesian closed category of
sets and functions that includes some infinite sets as objects, are basic examples of this
kind of situation.

The purpose of this section is to demonstrate that, although it cannot be done in pure
HOL, if we are willing to accept the existence of a type V whose inhabitants correspond to
sets satisfying the axioms of ZFC, then it is possible to construct, for example, the “large”
category of sets and functions as it is usually understood in category theory. Moreover,
assuming the existence of such a type is essentially all we have to do; all the category
theory we have developed so far still applies. Specifically, what we do in this section is
to use theory ZFC-in-HOL, which provides an axiomatization of a set-theoretic universe
V, to construct a “set category” ZF(C-SetCat, whose objects correspond to V-sets, whose
arrows correspond to functions between V-sets, and which has the small-completeness
property traditionally ascribed to the category of all small sets and functions between
them.

theory ZFC-SetCat
imports ZFC-in-HOL.ZFC-Cardinals Limit
begin

The following locale constructs the category of classes and functions between them
and shows that it is small complete. The category is obtained simply as the replete set
category at type V. This is not yet the category of sets we want, because it contains
objects corresponding to “large” V-sets.
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locale ZF(C-class-cat
begin

sublocale replete-setcat < TYPE(V)s {proof)

lemma admits-small-V-tupling:
assumes small (I 2 V set)
shows admits-tupling I

{proof)

corollary admits-small-tupling:
assumes small 1
shows admits-tupling T

{proof)

lemma has-small-products:
assumes small (I :: 'i set) and I # UNIV
shows has-products T

{proof)

theorem has-small-limits:
assumes small (UNIV :: 'i set)
shows has-limits (undefined :: 'i)

{proof)

end

We now construct the desired category of small sets and functions between them, as a
full subcategory of the category of classes and functions. To show that this subcategory
is small complete, we show that the inclusion creates small products; that is, a small
product of objects corresponding to small sets itself corresponds to a small set.

locale ZF(C-set-cat
begin

interpretation Cls: ZFC-class-cat (proof)

definition setp
where setp A = A C Cls.Univ A small A

sublocale sub-set-category Cls.comp «(ANA. A C Cls. Univy setp
(proof)

lemma is-sub-set-category:
shows sub-set-category Cls.comp (AA. A C Cls.Univ) setp
(proof)

interpretation incl: full-inclusion-functor Cls.comp <Aa. Cls.ide a A setp (Cls.set a)»

(proof)

The following functions establish a bijection between the identities of the category
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and the elements of type V; which in turn are in bijective correspondence with small
V-sets.

definition V-of-ide :: V setcat.arr = V
where V-of-ide a = ZFC-in-HOL.set (Cls.DN ¢ Cls.set a)

definition ide-of-V :: V = V setcat.arr
where ide-of-V A = Cls.mklde (Cls.UP ‘ elts A)

lemma bij-betw-ide-V:

shows V-of-ide € Collect ide — UNIV

and ide-of-V € UNIV — Collect ide

and [simp]: ide ¢ = ide-of-V (V-of-ide a) = a
and [simp]: V-of-ide (ide-of-V A) = A

and bij-betw V-of-ide (Collect ide) UNIV

and bij-betw ide-of-V UNIV (Collect ide)

{proof)

Next, we establish bijections between the hom-sets of the category and certain subsets
of V whose elements represent functions.

definition V-of-arr :: V setcat.arr = V
where V-of-arr f = VLambda (V-of-ide (dom f)) (Cls.DN o Cls.Fun f o Cls.UP)

definition arr-of-V :: V setcat.arr = V setcat.arr = V = V setcat.arr
where arr-of-V a b F = Cls.mkArr (Cls.set a) (Cls.set b) (Cls.UP o app F o Cls.DN)

definition vfun
where vfun A B f = f € elts (VPow (vtimes A B)) A elts A = Domain (pairs f) A
single-valued (pairs f)

lemma small-Collect-vfun:
shows small (Collect (vfun A B))

(proof)

lemma vfunl:
assumes f € elts A — elts B
shows vfun A B (VLambda A f)

{proof)

lemma app-vfun-mapsto:
assumes vfun A B F
shows app F' € elts A — elts B

{proof)

lemma bij-betw-hom-vfun:
shows V-of-arr € hom a b — Collect (vfun (V-of-ide a) (V-of-ide b))
and [ide a; ide b] = arr-of-V a b € Collect (vfun (V-of-ide a) (V-of-ide b)) — hom a b
and f € hom a b = arr-of-V a b (V-of-arr f) = f
and [ide a; ide b; F € Collect (vfun (V-of-ide a) (V-of-ide b))]
= V-of-arr (arr-of-VabF)=F
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and [ide a; ide b]

= bij-betw V-of-arr (hom a b) (Collect (vfun (V-of-ide a) (V-of-ide b)))
and [ide a; ide b]

= bij-betw (arr-of-V a b) (Collect (vfun (V-of-ide a) (V-of-ide b))) (hom a b)
(proof)

lemma small-hom:
shows small (hom a b)

{proof)

We can now show that the inclusion of the subcategory into the ambient category
Cls creates small products. To do this, we consider a product in Cls of objects of the
subcategory indexed by a small set I. Since Cls is a replete set category, by a previous
result we know that the elements of a product object p in Cls correspond to its points;
that is, to the elements of hom unity p. The elements of hom unity p in turn correspond
to I-tuples. By carrying out the construction of the set of I-tuples in V and exploiting
the bijections between homs of the subcatgory and V-sets, we can obtain an injection
of hom unity p to the extension of a V-set, thus showing hom wunity p is small. Since
hom unity p is small, it determines an object of the subcategory, which must then be a
product in the subcategory, in view of the fact that the subcategory is full.

lemma has-small-V-products:
assumes small (I 1 V set)
shows has-products I

{proof)

corollary has-small-products:
assumes small [ and I # UNIV
shows has-products I

(proof)

theorem has-small-limits:
assumes category (J :: 'j comp) and small (Collect (partial-composition.arr J))
shows has-limits-of-shape J

(proof )

sublocale concrete-set-category comp setp UNIV Cls.UP
(proof)

lemma is-concrete-set-category:
shows concrete-set-category comp setp UNIV Cls.UP

(proof)

end

In pure HOL (without ZFC), we were able to show that every category C has a “hom
functor”, but there was necessarily a dependence of the target set category of the hom
functor on the arrow type of C. Using the construction of the present theory, we can
now show that every “locally small” category C' has a hom functor, whose target is the
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same set category for all such C. To obtain such a hom functor requires a choice, for each
hom-set hom a b of C, of an injection of hom a b to the extension of a V-set.
locale locally-small-category =
category —+
assumes locally-small: [ide a; ide b] = small (hom b a)
begin

interpretation Cop: dual-category C' (proof)
interpretation CopzC': product-category Cop.comp C (proof)
interpretation S: ZFC-set-cat (proof)

definition Hom
where Hom = A(b, a). S.UP o (SOME ¢. ¢ ‘hom b a € range elts A inj-on ¢ (hom b a))

interpretation Hom: hom-functor C' S.comp S.setp Hom

{proof)

lemma has-ZFC-hom-functor:
shows hom-functor C S.comp S.setp Hom

(proof)
Using this result, we can now state a more traditional version of the Yoneda Lemma
in which the target category of the Yoneda functor is the same for all locally small
categories.

interpretation Y: yoneda-functor C S.comp S.setp Hom

(proof)

theorem ZFC-yoneda-lemma:
assumes ide a and functor Cop.comp S.comp F
shows J¢. bij-betw ¢ (S.set (F a)) {r. natural-transformation Cop.comp S.comp (Y.Y a) F

T}
(proof)

end

end
theory ZFC-SetCat-Interp
imports ZFC-SetCat
begin
Here we demonstrate the possibility of making a top-level interpretation of the
ZF(C-set-cat locale
interpretation ZFCClsCat: ZFC-class-cat {proof)
interpretation ZFCSetCat: ZFC-set-cat (proof)
To clarify that the category ZF(CSetCat is what it is supposed to be, we offer the
following summary results.

The set of terminal objects of ZFCSetCat is in bijective correspondence with the
elements of type V.
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lemma bij-betw-terminals-and-V:

shows bij-betw ZFCSetCat. DN ZFCSetCat. Univ (UNIV :: 'V set)
{proof)

The set of elements of any object of ZFCSetCat is a small subset of the set of terminal
objects.

lemma ide-implies-small-set:
assumes ZFCSetCat.ide a
shows small (ZFCSetCat.set a) and ZFCSetCat.set a C ZFCSetCat. Univ

{proof)

Every small set (at an arbitrary type) is in bijective correspondence with the set of
elements of some object of ZFCSetCat.
lemma small-implies-bij-to-set:

assumes small A
shows Ja . ZFCSetCat.ide a N bij-betw o A (ZFCSetCat.set a)

(proof)

For objects a and b of ZFCSetCat, the arrows from a to b are in bijective correspon-
dence with the extensional functions between the underlying sets of terminal objects.

lemma bij-betw-hom-and-ext-funcset:

assumes ZFCSetCat.ide a and ZFCSetCat.ide b

shows bij-betw ZFCSetCat.Fun (ZFCSetCat.hom a b) (ZFCSetCat.set a —g ZFCSetCat.set
b)

(proof)

end
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