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Abstract

Mac Lane’s Coherence Theorem is a subtle, foundational characterization
of monoidal categories, a categorical concept which is now an important
and popular tool in areas of pure mathematics and theoretical physics. Mac
Lane’s original proof, while extremely clever, is written somewhat confusingly.
Many years later, there still does not exist a fully complete and clearly written
version of Mac Lane’s proof anywhere, which is unfortunate as Mac Lane’s
proof provides very deep insight into the nature of monoidal categories. In
this thesis, we provide brief introductions to category theory and monoidal
categories, and we offer a precise, clear development of Mac Lane’s ideas
towards a complete proof of the coherence theorem. This thesis will hopefully
provide future readers a thorough introduction to monoidal categories and a
clearly written proof of Mac Lane’s Coherence Theorem, saving those who
are interested in truly understanding Mac Lane’s theorem dozens of hours of
their time.
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Chapter 1

Introduction to Category
Theory

Category theory is a beautiful language for many useful concepts of math.
Here we present the axioms of category theory and introduce the concepts
of categories, functors, and natural transformations, as well as examples of
these concepts.

Categories

Definition 1.1.1. A category C consists of
o a collection of objects Ob(C)

o a collection of morphisms Hom(C) of the form f : A — B, with
A, B objects. We write Hom(A, B) for the collection of all morphisms
between A, B.

This data is equipped with a binary operator o known as composition such
that for any objects A, B, C,

o: Hom(A, B) x Hom(C, A) — Hom(C, B)
Furthermore, the following laws must be obeyed.

(1) Identity. For each A € Ob(C), there exists an identity idg : A — A
in Hom(C)

(2) Closed under Composition. Let A, B,C be objectsonC. If g: A —
Band f: B— C,thengo f: A— Cisin Hom(A,C).
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(3) Associativity under Composition. For objects A, B,C' and D such
that

A-l.p 9. c_h,p

we have the equality
ho(gof)=(hog)of.
(4) Identity Action. For any f € Hom(C) where f : A — B we have that

lgof=f=foly.

We now introduce some examples of categories.

Example 1.1.2. The canonical example of a category is the category of
sets, denoted as Set, which we can describe as

Objects. All sets XE]
Morphisms. All functions between sets f : X — Y.
We can check that this construction satisfies the axioms of a category

(1) Each set X has an identity function idx : X — X where idx(z) = z for
each r € X.

(2) The composition of two functions f: X — Y and g: Y — Z is again a
function go f : X — Y where (go f)(z) = g(f(x)).

(3) Function composition is associative.
(4) f f: X - Y thenidy o f =yoidx = f.

Because most of mathematics is based in set theory, we shall see that while
this is a fairly simple category, it is one of the most useful.

Example 1.1.3. The second canonical example is the category of groups,
denoted as Grp. This can be described as

Objects. All groups (G, -). Here, - : G x G — G is the group operation.

!One must be careful in saying things like “The objects are all (blank).” We will address
this later.
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Morphisms. All group homomorphisms ¢ : (G,-) — (H,-). Specifically, set
functions ¢ : G — H where ¢(g-¢') = v(g) - ¢(¢').

We again check this satisfies the axioms of a category.

(1) Each group (G, -) has a identity group homomorphism idg : (G,:) —
(G,-) where idg(g) = g.

(2) The function composition of two group homomorphisms ¢ : (G,:) —
(H,-) and ¢ : (H,-) — (K,-) is again a group homomorphism where
(Yo p)(g) =¥(p(g)). This is because

(how)g-g)=1v(p(g- ’))

(3) Function composition is associative; therefore, composition of group
homomorphisms is associative.

(4) If p: (G,-) — (H,) is a group homomorphism, then idg oy = poidg =
®.

Therefore we see that this is a category.

Example 1.1.4. The third canonical example is the category of topolog-
ical spaces, denoted Top. We describe this as

Objects. All topological spaces (X, 7) where 7 is a topology on the set X.
Morphisms. All continuous functions f : (X, 7) — (Y, 7).
The reader can show that this too satisfies the axioms of a category.

There is a minor issue with the presentation of the previous examples.
For each of the categories, we said that the objects consisted of all sets,
groups, or topological spaces. The first observation about this remark is that
these collection of objects are not sets. For example, in Set, the objects do
not form a set by Russell’s paradox, and neither do the morphisms. Thus we
need to make distinctions between categories based on their size.

Definition 1.1.5. Let C be a category. We say that C is
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e Finite if there are only finitely many objects and finitely many mor-
phisms.

o Locally Finite if, for every pair of objects A, B, the set Hom¢ (A, B)
is finite.

e Small if the collection of objects and collections of morphisms assemble
into a set.

o Locally Small if Hom¢ (A, B) is a set for every pair of objects A, B.

e Large if C is not locally small. That is, the objects and morphisms do
not form a set.

We now introduce the concept of a subcategory, which is also extremely
useful to include in our vocabulary.

Definition 1.1.6. Let C be a category. We say a category S is a subcate-
gory of C if

(1) S is a category, with composition the same as C

(2) The objects and morphisms of S are contained in the collection of objects
and morphisms of C.

Furthermore, we say S is a full subcategory if we additionally have that
(3) For each pair of objects A, B € S, we have that Homgs(A, B) = Hom¢ (A4, B).
More informally, S is full if it “contains all of its morphisms.”

Example 1.1.7. Let Ab be the category described as

Objects. All abelian groups (G, -)

Morphisms. Group homomorphisms.

Then Ab is a subcategory of Grp. Futhermore, Ab is a full subcategory of
Grp. This observation also applies to

e FinGrp, the category of finite groups
e FinAb, the category finite abelian groups

¢ Abry, the category of torsion-free abelian groups
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However, none of these categories are subcategories of Set. In fact, many
categories which are based in set theory are not actually subcategories of Set.
This is because the objects of categories such as Grp or Top are not just
sets, but are sets with extra data (such as a binary operation or a topology).

Definition 1.1.8. In a category C, diagrams are directed graphs with
vertices representing objects and edges representing morphisms between
objects. For example, below we technically have a diagram

A1, B

although our diagrams will usually be more complicated like the one below

1t 41 .p
C B

If A,B,C,D, E are sets, we can visualize the action on the elements in this

diagram as

? ?

g'(f'(a)) = I'(a) 9(f(a))

Note that in the above diagram it may not be the case that g'of’ = h/ or gof =
h. In the case that both hold, we would call the diagram commutative.
We could express the commutativity by rewriting the diagram as below.

h(a)

<t 41 . B

h/:glofl h:gof

C’ C
For a general diagram, if traversal between every pair of objects, via morphism
composition, is equivalent, then the diagram is commutative and is said to
commute.
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Definition 1.1.9. A category P is said to be thin or a preorder if there
is at most one morphism f: A — B for each A, B € P.

The simplest thin categories are of the form below

P

but they may also have more complex shapes such as the category below.
P

B\ /D
E/ \G

H—»—Q

Thin categories are very common since we often only care about keeping
track of a single, binary (on or off) type of relation between any two objects.
An example of such a relation is comparison of real numbers: for any two
real numbers z,y € R, we know that either z < y or y < z.

In fact, given a thin category P, we can define the binary relation < on
the objects Ob(P) as follows. For any pair of objects A, B € P, we have that

A < B if and only if there exists an morphism A — B.

Some things are to be said about this relation:

o For each object A, there always exists a morphism A — A (namely,
the identity). This implies that A < A for all objects A, so that < is
reflexive.

e If f: A— Band g: B— C, then we have that A < B and B < C.
Since we may compose morphisms, we have that go f : A — C.
Therefore, A < C, so that < is transitive.
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Hence, P is really just a set with a reflexive and transitive binary relation.
However, this is exactly the definition of a preorder! Therefore, preorders
P can be regarded as categories with at most one morphism between any
two objects, and vice versa.

Preorders can also turn into partial orders, which have the axiom that

if p<p' and p’ < pthenp=yp.

or linear orders, where for any p,p’ we have that p < p’ or p’ < p.
Example 1.1.10. Here we introduce some examples of thin categories.

Natural Numbers. The sets {1,2,...,n} for any n € N are linear orders,

each of which forms a category as pictured below.

L

> N

In this figure, the loops represent the trivial identity functions.

This example can also be generalized to include N, Z, Q, and R.

Subsets. Let X be a set. Then one can form a category Subsets(X)

where the objects are subsets of X and the morphisms are inclusion
morphisms. Hence, there is at most one morphism between any two
sets.

Since there is at most one morphism between any two objects of the
category, we see that this forms a thin category, and hence a partial
ordering. What this then tells us is that subset containment determines
an ordering, specifically a partial ordering.

Open Sets. Let (X, 7) be a topological space. Define the category Open(X)

to be the category whose objects are the open sets of X and morphisms
U — V are inclusion morphisms ¢ : U — V whenever U C V. Hence,
there is at most one morphism between any two open sets, so that this
also forms a preorder.

Subgroups. Let G be a group. We can similarly define the category

SbGrp(G) to be the category whose objects consists of subgroups
H < G, and whose morphisms are inclusion homomorphisms. This
is just like the last example; and, as in the last example, there is at
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most one morphism between any two subgroups H, K of G (either
i:H— Kori:K — H). Hence, we can place a partial ordering on
this, so that subgroup containment is a partial ordering.

Ideals. Let R be a ring. Then we can form a category Ideals(R) whose
objects are the ideals I of R and whose morphisms are inclusion

morphisms. As we’ve seen, this forms a thin category.

Some more examples of categories are familiar constructions we’ve en-

countered throughout our mathematical journeys. All of these may be
different; but category theory exposes their similarities and relationships to

one another.

Category Objects Morphisms

Set Sets Functions

FinSet Finite Sets Functions

FinOrd Finite Ordinals Functions

Grp Groups Group Homomorphisms

Ab Abelian Groups Group Homomorphisms

Rng Rings Ring Homomorphisms

Vct Vector Spaces Linear Transformations

(Q, E)—Alg (Q, E)-Algebras (Q, E)-Homomorphisms

Top Topological Spaces Continuous functions
CHaus Compact Hausdorff Spaces Continuous functions

Man,, Manifolds n-continuously diff. functions
Met Metric Spaces Metric-preserving functions
Grph Graphs Graph homomorphisms
Mon Monoids Monoid homomorphisms

Th Propositional Theories Translations

Bool Boolean Algebras Boolean Alg Homomorphisms
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Morphisms

Definition 1.2.1. Let f : A — B be a morphism between two objects A
and B. Then we say that f is an isomorphism if there exists a morphism
f~!': B — A such that

foft=ida flof=idp.

In this case, f~! is unique, and we call A, B isomorphic. For any two
isomorphisms f: A — B and g : B — C, we have that

(gof)™t=flog".

Note here that we are generalizing the definition of an isomorphism. In
the contexts of sets, a bijection is enough to say that two sets are isomor-
phic. In the contexts of groups, invertible group homomorphisms establish
isomorphisms. However, our above definition can be returned to an original
category of interest to give rise to the relevant notion of an “isomorphism.”

We can also generalize the concept of injective and surjective morphisms.
Definition 1.2.2. Let f: A — B be a morphism. Then

1. f is a monomorphism (or is monic) if "

C A
fogr=fogs = g1=¢ 92
f
for all g1,92 : C — A, with C in C. fog1=feg
B
A
2. f is a epimorphism (or is epic) if
f giof=gaof
Giof=gof = g1=92 "
B C
for all g1,¢92 : B — C, with C in C. 92

We demonstrate these concepts with the following example, which demon-
strates that a monic, epic morphism is not always an isomorphism.

Example 1.2.3. Consider the category Haus, consisting of Hausdorff topo-
logical spaces as our objects with continuous functions between them as
morphisms. Let D be a dense subset of a topological space X and let
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i: D — X be the inclusion map. We’ll show that this function is both epic
and monic.

To show it is epic, let fi1, fo : X — Y be continuous maps form X to
another (Hausdorff) topological space Y. Suppose that

fioi= faoi.

Now Im(i) = D, so the above equation tells us that fi(d) = fa(d) for all
d € D. That is, the functions agree on the dense subset. However, we know
from topology that this implies that f; = fo.

Proof: Suppose that fi(z) # fa(x) for some x ¢ D. Since the points
are distinct, and since Y is Hausdorff, there must exist disjoint open
sets U,V in Y such that fi(z) € U and fo(x) € V. Since both fi, f2 are
continuous, there must exist open sets U’, V' in X such that f(U') CU
and g(V') C V.

However, since D is dense in X, both U’ and V'’ must intersect with
some portion of D; that is, there is some y € U’ and z € V' such that
y,z € D. Therefore, we see that fi(y) € U and f2(z) € V, and since
y,z € D we have that fi1(y) = f2(z). But this contradicts the fact that
U NV = (. Therefore, we have a contradiction and it must be the case
that f1(xz) = fa(x) for all x € X, as desired.

|

Therefore, we see that ¢ is epic. To show that it is monic, suppose g1, g2 :
Y — A are two parallel, continuous functions, and that

1091 =109

Since 4 is nothing more than an inclusion map, we immediately have that
g1 = g2. Therefore, ¢ is also monic.

However, note that ¢ : D — X is not an isomorphism. It is injective,
but by no means is it surjective, so it is certainly not an invertible map.
Hence 7 is a counter-example to such any claim that monic, epic morphisms
are isomorphisms.

Lemma 1.2.4. The composition of monomorphisms (epimorphisms) is a
(an) monomorphism (epimorphism).
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Proof: Let f: A — B and g : B — C be monomorphisms, and
suppose hi,hy : D — A are two parallel morphisms. Suppose that
(go f)oh1 = (go f)ohsy. Note that we can rewrite the equation to obtain
that

go(fohi)=go(gohi) = fohi=fohs.

as ¢ is monic, and hence it is left cancellable. But once again, f is monic,
so we cancel on the left to obtain that h; = hy as desired.
The proof for epimorphisms follows similarly.
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Functors

In singular homology, we know that given a topological space X, we can
generate an associated n-th singular homology group H,(X) and a chain of
maps:

> Hp 1 (X) —— Hp(X) —— Hpp1(X) ——> -

where the maps are the reduced boundary maps. However, suppose we have
a continuous mapping f : X — Y of topological spaces. Then it turns out
for each n, we obtain a mapping f. : H,(X) — H,(Y) induced from f. If we
have another continuous map g : Y — Z between topological spaces, which
gives us gx : H,(Y) — H,(Z), it is true that

(go f)x=gxo fu: Hy(X) — Hp(Y).

This behavior consistently arose among different constructions in the early
development of algebraic topology. It was in 1945 that Eilenberg and Mac
Lane observed that these mappings could be described as a functor, which
we define below.

Definition 1.3.1. Let C and D be categories. A (covariant) functor
F:C — D is a “mapping” such that

o Every C € Ob(C) is assigned uniquely to some F(C) € D

e Every morphism f : C' — (" in C is assigned uniquely to some morphism
F(f): F(C)— F(C") in D such that

F(lg) =1pcy  F(gof)=F(g)o F(f)

If you have seen a graph homomorphism before, this definition might
seem similar. This is no coincidence, and the concepts are similar given the
relationship between graphs and categories. But with that intuition in mind,
we can visualize the action of a functor. Below we have arbitrary categories
C,D with F' : C — D a functor.
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C D :
A F(A)
/ Y () Wﬁ)
B . C .. F(B) F(C) -

Example 1.3.2. In the introduction, we saw that topological spaces X can
correspond to abelian groups H,(X). This actually satisfies the properties
of a functor, so we can construct an n-th Singular Homology functor
H,, : Top — Ab which acts as

X — Hp(X)
f: X =Y r— f.: Hy(X)— H,(Y)
where f: X — Y is a continuous mapping of topological spaces.

Example 1.3.3. Consider the power set P(X) on a set X. Then we can
create a functor P : Set — Set as follows.
For any set X, P(X) is of course another set. So define the action on
objects X as
X — P(X).

As for morphisms, let f: X — Y be a function between two sets X and Y.

Then we define Pf : P(X) — P(Y) to be the function which sends a set
S C X to its image f(S) € P(Y). Now we must show that this function
respects identity and composition properties.

Identity. Consider the identity function on a set X, ie. idy : X — X.

Then observe that for any S € P(X), we have that
P(idx)(S) =idx(S) = S
Therefore, P(idx) = 1px so that P respects identities.

Composition. Let XY, Z be setsand f : X — Y and g :Y — Z be
functions. Let S € P(X). Observe that

Plge f)="Plgo f)(S) = (g f)S)
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Therefore we see that P(go f) = P(g) o P(f), so that P() describes a
functor from Set to Set.

Example 1.3.4. Let G be a group. Denote the commutator subgroup as
[G, G]. One can also show that [G,G] < G for any group G, which indicates
we may talk about the quotient group G/[G, G].

We'll show now that the projection

pa : Grp — Ab
which acts on groups and group homomorphisms as

G+— G/|G,G|
¢0:G— Hv+— ¢,:G/|G,G]| - H/[H, H]
satisfies the conditions of a functor.

To do this, for a group homomorphism ¢ : G — H, define p, : G/|G,G] —
H/[H, H] as

ex(9+ 1[G, G]) = ¢lg) + [H, H].
Note that this is well-defined since (|G, G]) C [H, H].

Now, in total, what we have is that (1) pg : Grp — Ab successfully
sends objects G of Grp to objects G/|G, G] of Ab, and (2) pg sends homo-
morphisms ¢ : G — H in Grp to homomorphisms pg(¢) = ¢« : G/[G,G] —
H/[H,H] in Ab. Now we just have to check that pg(ide) = idg/g,q

and pg(f o g) = pa(f) o pa(g) for all groups G € Grp and morphisms
f,g9 € Hom(Grp).

Identity Let G be a group and 1g the identity on G. Let g + [G, G| €
G/|G,G]. Then

ra(ide)(g + (G, G]) =ide(g) + [G, G]
=g+ |[G,G].

Therefore, py(idg) = idg/(q,q); that is, it is the identity on G/[G, G].

Composition. Now let ¢ : G; — H and ¢ : H — G2 be homomorphisms
in Grp. Suppose g + [G,G| € G/[G,G]. Then

pc(f20 f1)(g+[G,G]) = fao fi(g + G, G]) + [G2, G2]
=pc(f2)(filg + G, G]) + [H, H]))
=pc(f2) opa(fi)(g + (G, G]).

Hence, we see that pg(f2 o f1) = pa(f2) o pa(f1)-
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Therefore, pg : Grp — Ab is a functor.

The action of a functor can also be dualized to give rise to the notion of
a contravariant functor.

Definition 1.3.5. Let C and D be categories. A contravariant functor
is a mapping F': C — D where

o Every object C of C is mapped to some object F'(C) in D

o Every morphism f : C — (' is mapped to some morphism F(f) :
F(C'") — F(C) in Hom(D). We also require the identity and composi-
tion laws:

F(lg) =1pcy  F(gof)=F(f)oF(g).

Note that a contravariant functor is just a covariant functor with the
“arrows turned around.” That is, it is the opposite definition, and this is
overall an example of the inherent duality present in category theory.

Duality arises because category theory abstracts mathematics by con-
sidering arrows between objects. But when writing down definitions, the
direction in which one decides to points arrows eventually gets arbitrary.
That is, in every definition, one has two choices in deciding where to point
arrows. This constantly leads to two dual notions in almost every concept
available in category theory.

A nice example of a contravariant functor is as follows.

Example 1.3.6. Let X be a topological space. Let us begin constructing
a functor C : Top — Rng, by assigning topological spaces X to the ring
C(X) of continuous real-valued functions h : X — R.

To do this, consider a continuous function f : X — Y between topological
spaces in Top. Then observe that f induces a function C(f) : C(Y) — C(X)
where

C(f)(h) =ho f

where h: Y — Ris in C(Y'). Note that ho f: X — R for all h € C(Y).
Now we check the identity and composition rules.
Let f =idy for a topological space X. Then for any h € C(X),

O(idy)(h) = hoidx = h
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so that C(idx) = id¢(x). Further, suppose f: X — Y and g : Y — Z. Then
for h € C(2),

Clgo f)(h) =ho(gof)
=(hog)of
=C(f)(hoyg)
= C(f) o C(g)(h).
Hence we see that C(go f) = C(f)oC(g), so we see that C(—) : Top — Rng

behaves as a contravariant functor from Top to Rng.

Many contravariant functors can be found in algebraic geometry; we
introduce three such functors.

Example 1.3.7. Let R be a commutative ring. Recall that Spec(R) is the
set of all prime ideals of R. In addition, recall that if ¢ : R — S is a ring
homomorphism and if P is a prime ideal of S, then ¢ ~!(P) is also a prime
ideal in R. This then allows us to define a functor

Spec : CRing — Set

where on objects R +— Spec(R) and on morphisms ¢ : R — S — ¢* :
Spec(S) — Spec(R) where ¢*(P) = ¢~ 1(P).

However, we can go even deeper than this. Recall from algebraic geometry
that Spec(R) can be turned into a topological space, using the Zariski
topology. However, because ¢~ !(P) is a prime ideal whenever P is, we see
that ¢* : Spec(S) — Spec(R) is actually a continuous function between the
topological spaces. Hence we can view this as a functor

Spec : CRing — Top.

Usually this is phrased more naturally as a functor Spec : CRing — Sch
where Sch is the category of schemes.

Example 1.3.8. Let k be an algebraically closed field. Recall that A™(k) is
the set of tuples (a1, ag,...,a,) with a; € k. In algebraic geometry, it is of
interest to associate each subset S C A™(k) with the ideal

I(S)={f € k[x1,...,ky] | f(s) =0 for all s € S}.

of k[z1,...,x,]. Observe that this is always non-empty since 0 € I(.5) for
any S. In additional, it is clearly an ideal of k[x1,...,x,], since for any
p € klx1,...,x,),q € I(S), we have that

(p-q)(s) =p(s)-q(s) =p(s)-0=0 for all s € S.
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so that p-q € I(S). Now it’s usually an exercise to show that if S; C Sy are
two subsets of A™(k), then one has that I(S2) C I(S7). Hence this defines a
functor

I : Subsets(A"(k))°? — Ideals(k[z1,...,xy)]).

where Subsets(A”(k)) is the category of subsets with inclusion morphisms,
and Ideals(k[x1,...,zy]) is the category of ideals with inclusion ring homo-
morphisms; that is, these are partial orders.

Example 1.3.9. Consider again k as an algebraically closed field. In alge-
braic geometry, one often wishes to associate each ideal of k[x1, ..., z,] with
its “zero set”

Z(I) ={s=(a1,...,a,) € A"(k) | f(s) =0 for all s € I}.

It is usually an exercise to show that if I; C I are two ideals, then Z(I3) C
Z(I1). Hence we see that this defines a functor

Z : Ideals(k[z1,...,2,]) — Subsets(A"(k)).
Functors can be composed, just like functions.
Definition 1.3.10. Let A, B and C be categories and F, G functors as below.
A-Lr,pB_6&,
Then we can define the composite functor
A G, ¢

where

C—GF0)ecC f— G(F(f)) € Hom(C).

Composition of functors is associative. Hence we may form the large
category of all categories Cat, whose objects are categories and whose
morphisms are functors between them.

Definition 1.3.11. Let F' : C — D be a functor. Then F' is said to be an
isomorphism if there exists a functor G : D — C such that G o F' is the
identity on C and F o GG is the identity on D.



18

Introduction to Category Theory

Next, we introduce the notion of full and faithful functors. Towards
that goal, consider a functor F' : C — D between locally small categories.
Then for every pair of objects A, B € C, there is a function

Fu p : Hom¢(A, B) — Homp(F(A), F(B))

where a morphism f : A — B is sent to its image F(f) : F(A) — F(B)
under the functor F.

C D

A F(
Fy B
o= g = /\ F(f)<
B F(

As we have a family of functions F4 g, we can ask: when is this function

4)
F(g) | F(h)
)

B

surjective or injective? This motivates the following definitions.

Definition 1.3.12. Let F' : C — D be a functor between locally small
categories. We say F' is

o Full if Fy p is surjective
o Faithful if F)y p is injective
for all A, B € C. If F4 p is an isomorphism, we say F' is fully faithful.

Now we completely ignored the situation for when C, D are not locally
small. This was just out of pedagogical interest; if C, D are not locally small
then we do not have the function described above. However, the concept of
full and faithful can still be described; it’s just not as nice of a description
as before.

Definition 1.3.13. Let F' : C — D be a functor.

o Full if for all A, B, every morphism ¢ : F(A) — F(B) in D is the
image of some f: A — Bin C
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o Faithful if for all A, B, we have that if f1, fo : A — B with F(f;) =
F(f2), thenf = fo.

We then say F is a fully faithful if it is both full and faithful.

Example 1.3.14. Let (G,-) and (H,-) be a group. Regard both groups as
one object categories C and D with objects e and e where we set

Home(e,0) = G Home(e,¢) = H

so that each g € GG is now a morphism g : ¢ — e, and vice versa for every
h € G, so that composition is given by the group structure. If we have a
functor F': C — D between these categories, then the function we introduced
simply becomes a set function

F, . :Hom¢(e, o) — Homp(e,e).

However, the functorial properties allow this to extend to a group homomor-
phism from G to H. Therefore, we see that if F': C — D is full, it extends to
a surjective group homomorphism. If it is faithful, it extends to an injective
group homomorphism.

Finally, we introduce a special and important type of functor in category
theory.

Definition 1.3.15. Let U : C — D be a functor. Then F is said to be
forgetful whenever F' does not preserve some axioms or structure present

in C (whether it be algebraic or some kind of ordering) in mapping objects
of C to D.

Example 1.3.16. Let (R,+,-) be a ring. Recall that (R,+) (alone with
its addition) is an abelian group. Hence we can forget the structure of
-2 R x R — R and, in a forgetful sense, treat every ring as an abelian group.

This then defines a forgetful functor F' : Ring — Ab which simply
maps a ring to its abelian group. This works on the morphisms, since
every ring homomorphism ¢ : (R, +,-) — (S,+,-) is a group homomorphism
¢ : (R,+) — (S,+) on the abelian groups.

Example 1.3.17. Consider the category Top. Each object in top is a pair
(X, 7) where 7 is a topology on X. Moreover, continuous functions are simply
functions. This forgetful process is also functorial:

(X,7)— X (X, 1) =Y, )= f: X =Y.

This then gives us the forgetful functor F': Top — Set.
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Natural Transformations

Definition 1.4.1. Let F,G : C — D be two functors. Then we define a
mappingﬂ between the functors

n:F—G

to be a natural transformation if it associates each C' € Ob(C) with a
morphism

ne : F(C) — G(C)
in D such that for every f: A — B, we have that

A F(A) —"— G(4)
f F(f) G(f)
B F(B) ——> G(B)

which amounts to ng o F(f) = G(f) ona.

Thus we can imagine that 7 translates the diagram produced by the
functor F' to a diagram produced by G. For example; if 1 is a natural
transformation between F' and G, then we also see that the diagram on the
right commutes

n(C)

A
\
h B F(h) F(B)
e
C

2Think “morphism” instead of mapping, because the word mapping here doesn’t
rigorously mean anything. That’s because we don’t really have a word to describe what a
natural transformation really is. We have axioms, which we present, but we don’t have a
nice word. That nice word will turn out to be morphism, and you will see soon why.
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if the above diagram on the left commutes. In addition, the diagram on the
right commutes

F(A) G(A)
A1 B F(B) | G(B)
" ’ F() G(0)
C X D
F(D) G(D)

if the above diagram on the left commutes. Note that the arrows in black in

the above diagram on the right represent the morphisms n4,np5,1nc and np.

Example 1.4.2. Let K be a commutative ring in CRing, the category of
commutative rings. We can define the functors

GL,(—): CRing — Grp (—)*:CRing — Grp

where GL, (—) maps commutative rings to GL,(K), the group of invertible

n X n matrices with entries in K, and (—)*

maps a commutative ring to its
group of units K*.

Consider a commutative ring K. Recall that for matrix M € GL,(K),
we can take the determinant of K; we are usually more familiar with this
concept when K = R. However, it is a fact from ring theory that a matrix
M is invertible if and only if the determinant det(M) of M is in K*. Since
GL,,(K) is the set of all such invertible matrices, we see that we may associate

each K with its determinant function
detg : GLy(K) — K*

which sends an invertible M € GL,(K) to its determinant in K *. To see that
this morphism is a group homomorphism, we simply recall the determinant
property

det(AB) = det(A) det(B).

The claim is now that this family of morphisms assembles into a natural
transformation. Specifically, that det : GL,(—) — (—)*. To see, this, let
f: K — K’ be a homomorphism between commutative rings. Recall from
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ring theory that the determinant of a matrix M = [a;;] with a;; € K is given
by
det(M) = Z Sgn(o)alg(l) O (n)-
gESy
where S, is the symmetric group, and sgn(o) is the sign of a permutation.
Now for det to form a natural transformation, we’ll need that the diagram
below commutes.

det g

K GL,(K) K*
f GLn(f) fx
K’ GL,(K') doi K™

Note that f: K — K’ is a commutative ring homomorphism. To show this
diagram commutes, consider any M = [a;;] € GLy(K). Observe that

(f7 o detr)(M) = f*(detx (M))

- fX ( Z Sgn(g)ala(l) T ana(n))

O'GSTL

= Z sen(o) f(ai1)) f@no(n))
0ESH

= detgr([f(aij]))

= detgr o GLn(f)(M)

Hence we see that the diagram commutes, so that the determinant det :
GL,(—) — (—)* assembles into a natural transformation between the func-
tors.

Example 1.4.3. Earlier, we showed that pg : Grp — Ab in which G —
G/|G,G] was a functor. It turns out that we can formulate a natural
transformation between the identity functor 1g,p : Grp — Grp and the
functor pg : Grp — Grp. Define 7 : 1grp — pg where

ng: G — G/|G,G]

is the natural projection g — g + [G, G]
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To show this is a natural transformation, consider the morphism f : G —
H in Grp. We know that pg induces a morphism f* : G/|G,G] — H/[H, H|
defined as
f*(g + [G7 G]) = f(g) + [H7 H]
Now let g € G.

nir o f(g). On one hand, observe that
nw o f(g) = f(g9) + [H, H].
f*ong(g). On the other hand, observe that
frona(g) = (g +1G,G]) = fg) + [H, H].

Hence, we see that
nuof=f"onc

so that the following diagram commutes

¢ — - G/[G,G)

! I*

H H/[H, H]

ny

and hence 7 is a natural transformation.

Example 1.4.4. The categories FinOrd and FinSet, are closely related
categories. Recall that FinOrd has finite ordinals n = {0,1,2,...,n — 1}
as objects with morphisms all functions f : m — n where m,n are natural
numbers, and the objects of FinSet are all finite sets (of some universe U)
with morphisms all functions between such sets.

Obviously the objects and morphisms of FinOrd are in FinSet. Thus
let S : Finord — Sety be the inclusion functor.

Define a functor # : Sety — FinOrd as follows. Assign each X € Setp
to the ordinal #X = n, the number of elements in X. We can represent this
bijective mapping as

Ox : X — #X.
Furthermore, if f: X — Y is a morphism in FinSet, associate f with the
morphism #f : #X — #Y in FinOrd defined by

#f=0yofoly.

Thus we have that the following diagram is commutative:
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x X L ux

#f

y %

4Y

and 6 acts a natural transformation between the two functors.

Note that if X is an ordinal number, we define fx to be the identity
function, which ensures that # o S is the identity functor on FinOrd.
However, S o # is not the identity on FinSet, since the input will be X
while the output will just be #X (as S is just the inclusion functor.)

Example 1.4.5. Observe that for a fixed group H, we have that
H x —: Grp — Grp

is a functor. In this case, it turns out that any group homomorphism
f + H — K is a natural transformation between the functors H x — and
K x —.

Let ¢ : G — G’ be a group homomorphism between two groups in Grp.
Then we know that H x — and K X — induce homomorphisms

vrxg:HxG— HxG

and
orxa: K xG— KxG.

Let (h,g) € H x G. If we associate f : H — K with the function fg :
H x G — K x G where fg(h,g) = (f(h),g), then fg defines a natural
transformation between the functors. That is, we see that on one hand,

PKxG © fG(hag) = @HxG(f(h’)?g>
= (f(h),¢(9))

while on the other,

fG/ © SDKXG(hv.g) = fG’(h7 So(g))
= (f(h),¢(9))-

Therefore we see that

YrxGo fa = faropuxa

so that the following diagram commutes:
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G HxG 1% s kxa
f PHxG PEXG
€4 Hx G KxG

G/

Therefore, we see that every homomorphism f : H — K forms a natural
transformation between the functors H x — and K x — from Grp to Grp.
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Initial, Terminal, and Zero Objects

We can also be more specific in discussing the nature of the objects of a
given category C.

Definition 1.5.1. Let C be a category.

e An object T of C is said to be terminal if for each object A of C there
exists exactly one morphism t4 : A — T.

e Let I be an object of C. Then [ is said to be initial if for each object
A of C there exists exactly one morphism iy : I — A.

e An object Z of C is said to be a zero object if it is both terminal and
initial.
Equivalently, an object Z is zero if for any objects A, B of C there exists
exactly one morphism f : A — Z and exactly one morphism g : Z — B.
Hence, for any two objects there exists a morphism between them,
namely given by by g o f, called the zero morphism from A to B.

Note that by these definitions, a terminal or initial object are necessarily
unique. Thus, a zero object is unique as well.

Example 1.5.2. Recall that in the category Grp, there exists a trivial group
{e}. Moreover, for each group G, there exist unique group homomorphisms

ic:{e} = G e— eq

and
tq: G — {e} g — eq.

Note that both are group homomorphisms since they both behave on identity
elements and are trivially distributive across group operations. This then
shows that Grp, the trivial group is initial and terminal and hence a zero
object.
This makes sense since for any two groups G, H, there exists a unique
map
z:G—-H g—epm

which could be factorized as
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"zero" makes

sense now, right?), which we already know is {e}. Note in this example, we
did not actually use much group theory. In fact, this could be repeated for
the categories R-Mod, Ab, and other similar categories.

which demonstrates the existence of a zero object (the name

The next two examples demonstrate that terminal and initial objects of
course don’t always have to coincide like they did in the previous example.

Example 1.5.3. Let n be a finite set. Recall that we can create a category,
specifically a preorder, by taking our objects to be positive integers with our
morphisms being size relations.

R

n

Then 1 is an initial object while n is a terminal object. This is because
for any number 1 < m < n, there exists a unique morphism from 1 to m,
and a unique morphism m to n, both which may be obtained by repeated
composition.

Example 1.5.4. Consider the category Set. Let X be a given set in this
category. Then there are two unique maps which we may construct. First,
there is the map

tx : X — {*}

where everything is mapped to the one element * of the one point set. This
is clearly a function, and hence a morphism in our category. Now secondly,
we may construct

ix: 90— X

which doesn’t do anything. Thus we have that & is an initial object while {x}
is a terminal object. However, one may wonder at this point: How exactly is
ix a true, set theoretic function? And doesn’t this mean we can obtain a
unique morphism i’y : X — &, so that @ is a terminal object as well?



28 Introduction to Category Theory

The second question is easy to answer; if @ we terminal, then we’d have
that {*} = @ which is not true. Since this is a bit of a boring answer, we’ll
explain both in detail.

First, recall that a function in f : A — X between two sets A and X is a
relation R C A x X which satisfies two properties.

1. (Existence.) For each a € A, there exists a x € X such that (a,z) € R

2. (Uniqueness. Or, if you’d like, the vertical line test.) If (a,z) € R and
(a,2") € R then z = 2.

Now observe that if A = @, then R C @ x X = &. Hence (1) and (2) are
satisfied because each is trivially true. However, we don’t get a function
f X — o, since (1) fails. Specifically, (1) demands the existence of elements
in our codomain, a demand we cannot meet if it is empty.

Thus we see that @ is initial, but not terminal as our intuition may
suggest, and that {x} is terminal.
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Products of Categories, Functors

As one may expect, the product of categories can in fact be defined.

Definition 1.6.1. Let C and D be categories. Then the product category
C x D is the category where

Objects. All pairs (C, D) with C € C and D € D
Morphisms. All pairs (f, g) where f € Hom(C) and g € Hom(D).

To define composition in this category, suppose we have composable mor-
phisms in C and D as below.

flof g'og

Co

Then the morphisms (f,g) and (f’,¢’) in C x D are composable too, and
their composition is defined as (f',¢') o (f,g9) = (f' o f, ¢’ 0 g).

CxD (f'.9")o(f,9)=(f"of,g’ 0g)
. (€1, D))~ 0y, Dy) L5 (5, D5) -

We also define the projection functors 7¢ : CxD — Cand np : CxD — D
with the property that

WC(fmg):f 7-‘-D(fmg):g'

Consider a pair of functors F' : B — C and G : B — D. Then these
functors determine a unique functor H : B — C x D where

mcoH=F mpoH=Q@G.

That is, we see that for any arrow f in B we have that H(f) = (F(f), G(f)).
Hence the following diagram commutes
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B

H

v
CxD

e ™D

C D

and we dash the middle arrow to represent that H is induced, or defined, by
this process.
We can also take the product of two different functors.

Definition 1.6.2. Let F' : C — C' and G : D — D’ be two functors. Then
we define the product functor to be the functor ' x G:C x D — C' x D’
for which

1. If (C, D) is an object of C x D then (F x G)(C,D) = (F(C),G(D))

2. If (f,g) is a morphism of C x D then (F x G)(f,g) = (F(f),G(g))

Additionally, we can compose the product of functors (of course, so
long as they have the same number of factors). Thus suppose G, F' and
G', F' are composable functors. Then observe that

(GxG)o(FxF)=(GoF)x (G oF).

Note that in this formulation we have that
e o (FxG)=Fome mero(FxG)=Gomp

Hence, we have the following commutative diagram.

C—"_¢cxD—"2>50D
| FxG G
v

el

c' C'xD —2 s

Again, the dashed arrow is written to express that F' x G is the functor
defined by this process and makes this diagram commutative.

With all of this said, note that following: x is a function which maps
categories to categories. It does this in the same that a group operation
-1 G x G — G maps a group to itself. Furthermore, it maps functors,
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which are morphisms between categories, to other categories, and it preserves

composition and identity functors. Therefore, we see that x is itself a functor.

x : Cat x Cat — Cat

The functor x is mapping small categories to itself, similarly to how a group
operation maps a group to itself. Since we encounter this type of situation
often, we make the following definition.

Definition 1.6.3. If F' is a functor such that ' : B x C — D, that is, its
domain is a product category, then F'is said to be a bifunctor.

Bifunctors are the generalization of two variable functions. It can be
thought of as a functor of two variables, since if you fix either of the variables
you get a regular, normal functor.

An example of a bifunctor is the cartesian product x, which we can apply
to sets, groups, and topological spaces. In these instances we know that
value of a cartesian product is always determined uniquely by the values of
the individual factors, which holds more generally for bifunctors.

Proposition 1.6.4. Let B,C and D be categories. For B € B and C € C,
define the functors
Ho:B—D Kg:C—D

such that Ho(B) = Kp(C) for all B,C. Then there exists a functor F' :
B x C — D where F(B,—) = Kp and F(—,C) = H¢ for all B, C if and and
only if, for every pair of morphisms f: B — B’ and g : C — C’ we have that

Kp(g9) o Ho(f) = He(f) o KB(9)-
Diagrammatically, this condition is

HC(B) _ KB(C) Kg(g)

HC/(B) = KB(C/)
Hc(f) Her(f)

He(B') = Kpi(g) He(B') = Kp/(C')

Kpi(9)
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Proof:

(== ) Suppose such a bifunctor F': B x C — D exists and that it agrees
with Ho and Kp; that is, F(B,—) = Kp and F(—,C) = H¢ for
all B,C. Then observe that for any f: B — B’ and g: C — (',

(1p,9) o (f,1c) = (1o f,golc)
=(f,9)

folp,1ciog)

filer) o (1B, 9)

Applying the functor F' to the equation, we see that
F(lp,g)o F(f,1c) = F(f,1¢) o F(1p,9)

Observe that F(B',—) = Mps, and also that

o~ o~ o~ o~

F(lp.g): F(B.,C) — F(B',C").

However, since the first variable is fixed to B’, we can write this as
Kp(g): F(B',C) — F(B',C"). In addition, we see that F(f,1¢) =
F(B,C) — F(B',C). In this case the second variable is fixed to C,
so we see that Ho(f) : F(B,C) — F(B’,C). Therefore, we see that

Kpi(g) o Ho(f) = Her(f) o Kp(g)
which proves that this condition is necessary. Furthermore, the
equality implies the following diagram:

F(1B,9)
—_—

F(B,QC) F(B,C")

F(f1c) F(fler)

F(IB/79)
— 75

F(B',0) F(B',C")

(<= Suppose on the other hand that Kp and Hc do not constitute a
unique functor. Then there exist distinct functors Fy, Fy : BXxC — D
such that

Fi(B,~) = Kp = Fy(B,~)
Fi(—,C) = Ho = Fy(—,0).
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However, we stated that Kp(C) = He(B) for all B,C. Therefore
both equations imply that

Fi(B,C) = Fy(B,C)

for all B,C. Hence if we define F(B,C) = Kp(C) = Hc(B), we
obtain a consistent definition, and this does formulate a unique
functor on objects. To show that this behaves on morphisms, let
1p and 1¢ be identity morphisms. Then

F(le 10) = (KB(lB),Hc(lc)) = idF(lB,lc)

and if (f, g) is composable with (f’, ¢’), then

F((f,g9)o(f,9") = (Kp(fof),Hc(gog"))

= (Kp(f) o Kp(f'), Hc(g) o He(d'))
= (Kg(f),Hc(9)) o (Kp(f'), He(d))
F(f,9)o F(f',d).

Hence F : B x C — D is a unique bifunctor.
|

Example 1.6.5. We now introduce what is probably one of the most im-
portant examples of a bifunctor. Note that for any (locally small) category
C, we have for each object A a functor.

Hom(A, —) : C — Set

We also have a functor from C°P (we at the °P simply for convenience) for
each B € C°P.
Hom(—, B) : C°? — Set

As an application of the proposition, one can see that that these two functors
act as the Kp and Hg functors in the above proposition, and give rise to

bifunctor
Hom : C°? x C — Set.

This is because for any h: A — A’ and k : B — B’, the diagram,
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Hom(A', B) h Hom(A, B)

ks ki«

Hom(A’, B') — "> Hom(A, B')

commutes. Hence the proposition guarantees that Hom : C°P? x C — Set
exists and is unique.

Example 1.6.6. Recall that for an integer n and for a ring R with identity
1 # 0, we can formulate the group GL(n, R), consisting of n x n matrices
with entry values in R. As this takes in arguments, we might guess that we

have a bifunctor
GL(—,—): N x Ring — Grp

where N is a the discrete category with elements as natural numbers. This
intuition is correct: for a fixed ring R, we have a functor

GL(—,R) : N — Grp
while for a fixed natural number n we have a functor
GL(n,-) : Ring — Grp.

Below we can visualize the activity of this functor:

R=S5 GL(1,S) GL(2,5) --- GL(k,S)
R=7 GL(1,Z) GL(2,Z) --- GL(k,Z)
n=1 n=2 n==%k

Above, we start with Z since the this is the initial object of the category
Ring.

Now that we understand products of categories a functors, and we have
a necessary and sufficient condition for the existence of a bifunctor, we
describe necessary and sufficient conditions for the existence of a natural
transformation.
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Definition 1.6.7. Suppose F,G : B x C — D are bifunctors. Suppose that
there exists a morphism 7 which assigns objects of B x C to morphisms of D.
Specifically, n assigns objects B € B and C € C to the morphism

nB,0) - F(B,C) - G(B7C)
Then 7 is said to be natural in B if, for all C € C,

n-,c) - F(—,C) - G(—,C)
is a natural transformation of functors from B — D.

With the previous definition, we can now introduce the necessary condi-
tion for a natural transformation to exist between bifunctors.

Proposition 1.6.8. Let F,G : B x C — D be bifunctors. Then there exists
a natural transformation n : F' — G if and only if (B, C) is natural in B
for each C' € C, and natural in C for each B € B.

Proof:

(=) Suppose that  : FF — G is a natural transformation. Then every
object (B, () is associated with a morphism 5y : F(B,C) —
G(B,(C) in D, and this gives rise to the following diagram:

(B,C)

(B,C) F(B,C) G(B,C)
(f.9) F(f.9) G(f.9)
(B, C) F(B,c) " a(B, )

Now let C € C and observe that
N-cy: F(=C)— G(—,c)

is a natural transformation for all B. On the other hand, for any
B e B,
nB,-) : F(B7 _) - G(Ba _)

is a natural transformation for all C. Therefore, n is both natural
in B and C for all objects (B, C)
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(<= ) Suppose on the other hand that 7 is a function which assigns ob-
jects (B, C) to a morphism F(B,C) — G(B,(C) in D. Furthermore,
suppose that n(B, () is natural in B for all C' € C and natural in
C for all B € B.

Consider a morphism (f,g) : (B,C) — (B',C’) in B x C. Then
since 7 is natural for all B € B, we know that for all C € C,

N-,0) : F(fa C) - G(fa C)

is a natural transformation. In addition, 7 is natural for all C € C
since for all B € B

nB,- : F(B,—) — G(B,—)
is a natural transformation. Hence consider the natural transfor-

mation 7(_ ¢ acting on (B, C) and 7ps _y acting on (B’, ). Then
we get the following commutative diagrams.

(B,C)

F(B,C) G(B,C)
F(f1c) G(fc)
F(B,C) 29 (B, 0)
F(B,C) 29 (B, 0)
F(1pr,9) G(1p.9)
F(B,c) 229 G, ¢

Observe that the bottom row of the first diagram matches the top
row of the second. Also note that f: B — B’ and g: C — C’, and
that the diagrams imply the equations

G(f,1c) o) =)o F(f,1c) (1.1)
G(1p,9) o .cy = oo F(lp,g). (1.2)

Now suppose we compose equation (1.1) with G(1p/,¢g) on the left.
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Then we get that

replace via equation (2)

G(1p,g) o G(f,1c) on,cy = G(lp,g) o np c) oF (f,1c)
= ,cryo F(lp,g)o F(f,1c)
=nwp,cyoF(lp o f,golc)
=nw,cnoF(f,9)

where in the second step we applied equation (1.2), and in the third
step we composed the morphisms. Also note that we can simplify
the left-hand side since

G(:'-BHQ) o G(f7 10) - G(lB’ o f7g o ]-C) = G(fvg)
Therefore, we have that
G(f,9) o n,cy =1 ,cn o F(f,9)

which implies that eta itself is a natural transformation. Specifically,
it implies the following diagram.

(B,C)

(B,C) F(B,C) G(B,C)
(f.9) F(f.9) G(f.9)
(B, C) F(B,c) % a(B, )

Note: A way to succinctly prove the reverse implication of the previous
proof is as follows. Since we know the diagrams on the left are commutative,
just "stack" them on top of each other to achieve the diagram in the upper
right corner, and then " " this diagram down to obtain the third diagram
in the bottom right.
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(B,C)

F(B,C) G(B,C)
F(B,C) 9, (B.C) F(flc) Gf1e)
F(f,1¢) G(f1e) F(B',0) o) G(B',C)
F(B,C) —"% q(B',C) Fan9) G(1pr0)
FB,c 22 qB, )
F(B,C) 29 q(B',0)
F(lp.9) G(151,9) F(B,C) (B,0) G(B.0)
F(B,C) 22 qB, ) ) v
F(B,C") _ehen G(B,C")

This is essentially what we did in the proof, although this is more crude
visualization of what happened, and we were more formal throughout the
process.
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Functor Categories

In the proof for the last proposition, we used a trick of forming a desired
natural transformation by composing two composable natural transforma-
tions. Hence, we see that natural transformations can be composed.

Let C and D be categories and consider the functors F,G,H : C — D.
Suppose further that o : F' — G and 7 : G — H are natural transformations
between the functors. Using these natural transformations, we construct the
morphism 7 - ¢ : F — H which for each C € C is defined as

(t-0)c =1c00c: F(C)— H(C).

What we are visually doing for a given morphism f : ¢ — ¢ in C is defining
the morphism (7 - )¢ as below.

F(C") —
oc ocr

(r-0)c|  G(C) ———

TC To!

L. m(o) AW

H(C") <

One way to view this is that the property of the existence of a natural
transformation is transitive due to commutativity. In addition, we see that
for any functor F' : C — D there exists an identity natural transformation
lp : F — F, which simply associates an object ¢ with the arrow 1p(). And
since natural transformations are associative under composition, we see that
this actually forms a category.

Definition 1.7.1. Let C and D be small categories and consider set of
all functors F : C — D. Then the functor category, denoted as D¢ or
Fun(C, D), is the category where

Objects Functors F':C — D

Morphisms Natural transformations n : F — G between functors F, G :
C —D.
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Example 1.7.2. Let 1 be the one element category with a single identity
arrow. Then for any category C, the functor category C! is isomorphic to C.
This is because each functor F': 1 — C simply associates the element 1 € 1
to an element C' € C, and the identity 1; : 1 — 1 to the identity morphism
1¢ in C.

Example 1.7.3. Let 2 be the category consisting of two elements, containing
the two identities and one nontrivial morphism between the objects.

id, id,
1509

The category 2.

Now consider the functor category C? where C is any category. Each functor
F : 2 — C maps the pair of objects to objects F'(1) and F(2) in C. However,
since functors preserve morphisms, we see that

f:1—=2 = F(f): F(1) — F(2).

This is what each F € C2? does. Hence, every morphism g € Hom(C)
corresponds to an element in C%. Hence, we call C2 the category of arrows of

C.

Proof: Let g : C — C’ be any morphism between objects C,C’ in
C. Construct the element G € C? as follows: G(1) = C, G(2) = '
and G(f) : G(1) — G(2) = g. Hence, Hom(C) and C? are isomorphic.
Moreover, Hom(C) determines the members of C2.
A crude way to visualize this proof is imaging 1 — 2 is a "stick" with
1 and 2 on either end, and so the action of any functor is simply taking
the stick and applying it to anywhere on the direct graph generated by
the category C. Hence, this is why we say Hom(C) determines the functor
category C2.
|

Example 1.7.4. Let X be a set. Hence, it is a discrete category, which if
recall, it’s objects are elements of X and the morphisms are just identity
morphisms.

Now consider {0, 1}, the category of functors F' : X — {0,1}. Then
every functor assigns each element of x € X to either 0 or 1, and assigns the
morphism 1, : x — x to either 1: 0 - 0 or 1; : 1 — 1.
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One way to view this is to consider P(X), and for each S € P, assign =
tolifx € SorxtolifxrgS. All of these mappings may be described by
elements of P, but we can also realize that each of these mappings correspond

to the functors in {0, 1}*. Hence, we see that {0, 1} is isomorphic to P(X).

Example 1.7.5. Recall that, given a group G and a ring R (with identity),
we can create a group ring R[G] with identity, in a functorial way, establishing
a functor

R[-]: Grp — Ring.

However, we then noticed that the above functor establishes a process where
we send rings R to functors R[—] : Grp — Ring. It turns out that this
process is itself a functor, and we now have the appropriate language to
describe it:

F : Ring — Ring®™P

Specifically, let ¢ : R — S be a ring homomorphism. Now observe that
induces another ring homomorphism

UG RIG) = S[G] Y agg Y wlag)g.

geG geG

As a result, we see that such a ring homomorphism induces a natural

transformation. To show this, let ¢ : G — H be a group homomorphism.

Then observe that we get the diagram in the middle.

G RIG] —5 > §[q]
% R(p) S()
H R[H] —— S[H]
Vi

ZgEG Agg ———————> deG w(ag)g

deG agﬁp(g) > deG 7/}((19)50(9)

However, we can follow the elements as in the diagram on the right, which
shows us that the diagram commutes. Hence we see that ¢* is a natural
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transformation between functors R[—] — S[—]. Overall, this establishes that
we do in fact have a functor

F : Ring — Ring®™P

which we wouldn’t be able to describe without otherwise introducing the
notion of a functor category.

Example 1.7.6. Let M be a monoid category (one object) and consider
the functor category Set™. The objects of Set™ are functors F : M — Set,
each of which have the following data:

F(f): F(M) — F(M)

where f: M — M is an morphism in M. Now if we interpret o as the binary
relation equipped on M, we see that for any g : M — M,

F(go f)=F(g)o F(f)

by functorial properties. Hence, each functor F' maps M to a set X which
induces the operation of M on X. Therefore the objects of Set™ are other
monoids X in Set equipped with the same operation as M and as well as
the morphisms between such monoids.
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Monoidal Categories

Monoidal Categories.
Definition 2.1.1. A monoidal category (M, ®, I) is a category M equipped

with a bifunctor ® : M x M — M, a special object I of M, and three
natural isomorphisms

aapc:A®(BRC) == (A®B)®C (Associator)
A:I®A= A (Left Unit)
pa:A®I = A (Right Unit)

such that the following coherence conditions hold. For any objects
A, B,C,D of M, the following diagrams must commute.

(A®B)®(C® D)

QA B,CRQD QA®B,C,D

A®(B®(C®D)) (A®B)®C)eD (2.1)
1a®ap,c,D aa,B,c®lp

(A (B®(C))® D

A® ((B®C)® D)

QA BRC,D
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For all A, B, the diagram below must commute.

AR(I®B) — 212, (A®I)® B
(2.2)
1A®AB pA®lp
A®B

We also define some terminology within this definition.
e We call the bifunctor ® the monoidal product
e We refer to I as the identity object

We say a strict monoidal category is one in which the associator, left
unit and right unit are all identities.

A very natural question is: What are those mysterious coherence condi-
tions? Unfortunately, the answer to the question is not simple. Any thorough,
accurate answer to that question will be an extremely long one. Thus, the
short answer is that the diagrams are the minimum requirements for Mac
Lane’s Coherence theorem to be true.

Purposefully being vague, we will only say at this point that the theorem
guarantees that a large class of diagrams in our monoidal category will
commute. We will eventually give a very precise statement of the theorem.

The modern definition of a monoidal category is somewhat deceptive
since it implies many things that one would probably not guess to be implied
by the initial axioms. One such result is the following proposition.

Proposition 2.1.2. Let (M, ®,I) be a monoidal category. For all A, B €
M, the unitor diagrams

Q1 AB

I®(A® B) I®A)®B

(2.3)

AA® B Aa®lp

A® B
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QA B,I

AR (B®I)

1A®pp PA®RB

A® B
are commutative.

The above two unitor diagrams were initially part of the original definition
of a monoidal category. Thus, the original definition had three unitor
diagrams. It was GM Kelly who pointed out in [Kel64] that the the pentagon
axiom and Diagram imply the other two unitor diagrams. In fact, any

one of the three unitor diagrams imply the other two, a fact one would not
immediately guess.

Proof: First we show commutes. We take the pentagon, and substi-
tute the monoidal identity I in the first two entries:

I®(I®(A®B)) 295 (To )@ (A®B) —25 (1)@ A) o B
1;®ar a8 ar,1,AQ1lp

I®(I®A)®B)

I®(I®A)®B

a1, I®A,B

We append an instance of I ® (A® B) and (I ® A) ® B in our diagram
to obtain

Q1,1 AQB

(pr®l1a)®1p
pr®(1aR1p)

11®ar,a,p I®(A® B) I®A)®B

(11®X4)®1p

I®(I®A)®B)

QI I®RA,B

I®(I@(A®B)) (Iel)®(AeB) — 22~ (Ie)® A)® B

ay1,AQlp

Ie(I®A)®B
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We can connect I ® (A® B) and (I ® A) ® B with the morphism
arap:I®(A®B) =~ (I®A)®B
In addition, we can connect (I ® (I ® A) ® B) with I ® (A ® B) with
1 @ Migaen) : (I @ A)® B) = 1® (A® B).

This results in the diagram below which may not commute; our concerns
are outlined in red.

Qar1.1,AQB Qar®I,A,B
Io(®(A®B)) Ie1)®(A® B) (I®1)®A)© B
pr®(1a®1R)
11®XagB
N (pr®1a)®1p
1;Qar,4,B I® (A ® B) Lar (I ® A) QX B ar,1,AQ1p
I®(I®A)®B) - (I®(I®A)®B

However, both of these red diagrams must necessarily commute due
to the naturality of a. Our entire diagram almost commutes except for
one final concern on the left, outlined in red.

QI.1,AQB AIQI,A,B

Io(I®(A® B)) Ie1)®(A® B) (Tel)oA)eB
1;®@XagB
p1®(1aR1p)
o (pr®14)®1pB
1;®ar. 4B I® (A X B) LB (I X A) QR B ar,1,A®1p
B
11®(Aa®1B)
I ((I®A)® B) - (Io(I®A)sB

The commutativity of this diagram in red is forced since (1) every
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other diagram commutes, (2) all morphisms are isomorphisms. Thus we
conclude that

I®(A®B) —222 . T A)®B
AgB pA®lp
A® B
must commute.
Next, we show that Diagram
Ao (BoIl) —22L, (AeB)®I
14®pB PA®RB
A®B

commutes for all objects of M.
First we take the pentagon diagram and insert the monoidal identity
I to obtain the commutative diagram below.

QA B,I®I QXAQB,I,I

A (Be (1)) (AeB)@(IeI) (AeB)aal

1a®ag 1,1 aa,B,1®11

A (I®B)®I) (A (BeI)eI
We append A® (B® I) and (A® B) ® I to obtain the diagram below.

QA BRI,I

QA B,IQI QAQB,I,I

A® (B (I®I)) (AeB)® (I®1) (AeB)el)®I

14®(1p®pr)
P(A®B)®I

lAa®aB,1,1 A® (B®I) (A B)® I aa,B,1®1r

1La®(pp®171)

A ((I®B)®I)

(A B&I)xI

QA BRI,I



48 Monoidal Categories

we will outline these concerns in red.

We can connect A® (B® I) with (A® B) ® I with the morphism a4 g 1,
and we may connect (A® (B®1I))®I with A® (B®I) via (l4®pp)®1;.
However, if we do this, we don’t know if certain diagrams will commute;

in a. Our diagram so far is:

Observe that the top and bottom diagrams must commute by naturality

A® (B® (I®I)) QA B,IQI (A®B) ® (I®I) dXARB,I,I
1a®(1p®pr) (14®15)®p1 P(A®B)®I
1A®ap,11 A® (B®I) — (A9 B)® I
14®(pp®1y) (1a®pp)®1;
A (I®B)®l) aABell

each morphism is an isomorphism. Hence we see that

A® (BaI)

QA BT

(A9 B)® 1

1a®pB PA®B

A®B

Our remaining concern is the diagram outlined in red. However, this
diagram must commute since (1) every other diagram commutes and (2)

AeBoIel) —" s (AeB)eIel) — s (A®B)® )81
14®(1pR®pr) P(A®B)®I
(1a®1B)®pr
La®ap 1,1 AR (B®I) fant (A B)® 1 aa,B,I®l1
14®(pp®171) (1a®pp)®@1;
A®((I®B)®I> OA BRI, I (A®(B®I))®I

(A9B)®I) &I

as,B,1®1r

(A (B&I)xI
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commutes for all A, B € M.
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Examples of Monoidal Categories

We now introduce a barrage of examples of monoidal categories.

Example 2.2.1. Consider the category (Set, x, {e}) equipped with the
cartesian bifunctor x : Set x Set — Set and the terminal object {e} (the
one element set). We’'ll show that this forms a monoidal category.

First we require an associator. To demonstrate the existence of one, we
first start with the products A x B and B x C' which have the usual universal
diagrams

c’ C’
I I
| |
I I
I I
| |
| |
l l
A\ \
X X

A Ax B B B B xC C
TA 7B

/ TC
Tp

Now just like other products, the products A x (B x (') and (A x B) x ('
have projection maps to their factors

i Ax (BxC)— A maxp: (AxB)x(C— AxXB
mpxc : Ax (Bx(C)— BxC o (Ax B)x C —C

However, note that mpx¢ can be composed with 73 : B x C'— B to give a
map m¢o o mpxc ¢ A X (B x C) — B. Similarly, m4xp can be composed with
mp:AX B — Btogiveamap mrpomaxp: (A X B)x C — B. As a result,
the universal property of both of these products yield unique maps ¢ and
such that the diagrams below commute.

Ax (BxC(C)
' 1/)1 oM xC
¥
A Ax B B
TA 7B
(Ax B)xC
TBOTAXB <P§ Uyel
y
B BxC C
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Now both A x (B x C) and (A x B) x C have their own universal properties
which we can take advantage of. Using the newly created maps and the
projection maps, we have

p: Ax (Bx(C)— AxB Y:(AxB)x(C—BxC
Toompxc : AX (Bx(C)—C TAOTAxB : (AX B)x(C — A

which, by the universal property of both of our products, give rise to the
existence of the morphisms o and o/ which make the diagrams below com-

mute.
Ax (B xC(C)
Y ai TCOTBxC
i
AXB‘W(AXB)XC 7TC C
(Ax B)xC
TAOTAx B a,i ®
;
- Ax(BxC) ——

TA

At this point it is a simple diagram chase to show that « and o' are the
are inverses, and that they are natural so that they can be defined as our
associator.

At this point, we have our associator

aapc: Ax(BxC)—= (AxB)xC (a,(b,c)) — ((a,b),c).

To demonstrate the existence of left and right unitors, first regard the identity
object {e} as a terminal object T'. Then for any object A, the product T'x A
comes with a universal diagram

A

Ta f 14

y
Tx A

T Ta A

A
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This is because a terminal object guarantees the existence of one morphism
Ty : A — T. Therefore for the unique morphism f we have that A4 o f.
However, observe that foAqoTpya: T x A— T. Since this must be equal
to Trxa, we see that fo g = 1px 4. Hence

A :TxA—= A (%,a) — a
is an isomorphism. With a similar construction we can produce
paAxT = A (a,*) — a

and in both cases it is simple to show that these isomorphisms are natural.
One can then verify the diagrams by repeatedly using the universal properties
of the product.

While we worked in Set, we avoided referencing the elements of our
sets explicitly. As a result this can be generalized. Every category C with
finite products and a terminal object 7' forms a monoidal category (C, x,T).
Therefore, (Top, x,{e}), (Ab, x,{e}), and (R-Mod, x,{0}) form monoidal
categories via the cartesian product.

Example 2.2.2. Let R be a commutative ring. Then the category of all
R-modules, (R-Mod, ®, {0}), forms a monoidal category under the tensor
product. This is again the R-module which satisfies the universal diagram

MxN—%2 > M®N

Now consider a third R-module P; then we have two ways of constructing
the tensor product. To demonstrate that we may identify these objects up
to isomorphism, construct the maps

f:(M®N)xP— M®(N®P) (Zmi@)ni,p)»—)Zmi@(ni@p)

and

f/:MX(N®P)—>(M®M)®P (m,an ®pj) »—>Z(m®nj)®pj.
J J

These maps are bilinear due to the bilinearity of ®. Hence we see that the

universal property of the tensor product gives us unique map « and o’ such

that the diagrams below commute.



Examples of Monoidal Categories 53

(M@N)xP —2—> (M@N)®P

Based on how we defined f and f’, and since we know that ¢ and ¢’ is, we
can determine that o and o’ are “shift maps”, i.e,

@ (Z(mz ® n;) ®pi> = Zmz ® (ni @ pi) o (Z m; @ (n; ®Pi)> = (mi @ n;) @ p;.

2

)

Hence we see that o and o' are inverses, so what we have is an associator:
aynp:(M®N)®@P - M® (N ® P).

Now consider the trivial R-module, denoted I = {0}. For any R-module M
we have evident maps

20®mi*—>mi ZmZ-@Or—»O
i i

which provide isomorphisms, so that we have left and right associators
A I @M - M oM MeIT > M.

Finally, the triangular and pentagonal diagrams are commutative since
shifting the tensor product on individual elements does not change (up to
isomorphism) the value of the overall elements.

Example 2.2.3. Consider the category GrModp which consist of graded R-
modules M = {M,}5°; Then this forms a monoidal category (GrModpg, ®, I)
where I = {(0),}52; is the trivial graded R-module and where we define the
monoidal product as M @ N = {(M ® N),}52; where

(M®N),= P M;®N;.
i+j=n
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To show that this is monoidal, the first thing we must check is that we
have an associator. Towards this goal, consider three graded R-modules
M = {Mp}32,, N ={N,}52, and P = {P,}>2 ;. Then the m-th graded
module of M ® (N ® P) is

[M&(N®P)lm= @ Mi@(NoP)j= P M@(@ Nh®Pk)

i+j=m i+j=m h+k=j
= P MNP
i+h+k=m

= @ (M; ® Np) ® Py
ith+k=m

= 6 (@ Mi®Nh>®Pk

l+k=m \i+h=l
= P MNP
I+k=m
=[M®(N®P)n

where in the third step we used the fact that the tensor product commutes
with direct sums and in the fourth step we used the canonical associator
regarding the tensor products of three elements. Thus we see that we have
an associator

a:M(N®P)—=(M®N)®P

which as a graded module homomorphism, acts on each level as
i [M® (N ® P)ly = [(M®N)® Py,

where in each coordinate of the direct sums we apply an instance of the
associator o/ between the tensor product of three R-modules. The naturality
of this associator is inherited from o’. In addition, we have natural left and
right unitors

v I @M =M M- MeI =M

where on each level we utilize the natural left and right unitors for non-graded
R-modules.

Example 2.2.4. Let (M,®,1,a,p,\) be a monoidal category, C any other
category. Then the functor category CM is a monoidal category. We treat
the constant functor I : C — M where

I(A) =1 for all A
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as the identity element, and we can define a tensor product on this category
as follows: on objects F,G : C — M, we define F'X G as the composite

FRG:C2scxe D yxm 25 m
which can be stated pointwise as (FKG)(C) = F(C)®G(C). On morphisms,
we have that if n: F; — F» and 7’ : G; — G2 are natural transformations,
then we say nX 7/ : Fy X G — F», X Gy is a natural transformation, where
we define

™7 )a=na@n,: Fi(A) ® G1(A) — F2(A) @ Go(A).

Note that such a natural transformation is well-defined as the diagram below
commutes

A Fi(A) ® Gi(A) 27, y(A) ® Ga(A)
f Fi(f)®Gi (f) Fa()®Ga(f)
B Fi(B) © G1(B) ——— Fy(A) @ Ga(A)

nBeNg

since ® : M x M — M is a bifunctor. Finally, for functors £, G, H : C — M
define the associator ap g 5 : FR (G H) =~ (FX(GX H)) as the natural
transformation where for each object A

(apc.mr)a = ap)ca),mm)  FAR(GA)QH(A) — (F(A)RG(A)@H(A)

and the unitors Np : IKF — F and pf : FX I — F as the natural
transformations where for each object A

(Np)a=Aa: T@F(A) = F(A)  (Pp)a=pa: F(A)@1— F(A).
One can then show that these together satisfy the pentagon and unit axioms.

Example 2.2.5. Let M be a monoid with identity e and multiplication
-+ M x M — M. Suppose we treat M as discrete category, with all arrows
being identity arrows. Then we can trivially turn this into a monoidal
category by setting the identity object to e and defining the tensor product
® on objects to be m ® m’ = m - m, while identity morphisms are trivially
sent to identity morphisms. Then M forms a monoidal category.
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Example 2.2.6. Consider the category P whose objects are the natural
numbers (with 0 included) and whose morphisms are the symmetric groups
Sy,. That is,

Objects. The objects are n =0,1,2,....

Morphisms. For any objects n, m we have that

Homp(n,m) = S ?f nem
@ ifn £ m.
Note that there are many ways of constructing this category; we just present
the simplest. In general terms this is the countable disjoint union of the
symmetric groups. Even more generally, this can be done for any family of
groups (or rings, monoids, semigroups).
What is interesting about this category is that it intuitively forms a strict
monoidal category. That is, we can formulate a bifunctor +: P x P — P on
objects as addition of natural numbers and on morphisms as

0T E Sptm

where o € S,, and 7 € S,, and where o0 ® 7 denotes the direct sum
permutation. I could tell you in esoteric language and notation what that
is, or I could just show you: ¢ and 7, displayed as below

(1,2,...,n) (1,2,...,m)

(o(1),0(2),...,0(n)) (r(1),7(2),...,7(m))

become o ® 7 which is displayed as below.

(1,2,....n,n+1,n+2,....,n+m)

l

(o(1),0(2),...,0n),n+7(1),n+7(2),...,n+7(m))

To make this monoidal, we specify that 0 is our identity element whose
associated identity morphism is the empty permutation. Now clearly this
operation is strict on objects. On morphisms, it is also strict in the same
way that stacking three Lego pieces together in the two possible different
ways are equivalent. Hence the associators and unitors are all identities and
this forms a strict monoidal category.
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Monoidal Functors and Examples

We now end this chapter by discussing the concept of a monoidal functor.
Various names are associated with different types of monoidal functors,
since the degree to which you ask a functor between monoidal categories to
“preserve” the monoidal structure can be varied and hence give rise to different
types of monoidal functors. These concepts are of particular importance to
the rest of the study of monoidal categories, since many proofs are achieved
by constructing these types of functors, and many theorems are stated in
terms of monoidal functors.

Definition 2.3.1. Let (C,®,I) and (D,®,J) be monoidal categories. A
(lax) monoidal functor is a functor F' : C — D equipped with

e For each pair A, B in C, we have a natural morphism
pap: F(A)©F(B) — F(A® B)

such that for any third object C, the diagram below commutes. (Note
that we suppress the subscripts for clarity.)

F(A) o (F(B) ® F(C)) o (F(A) ® F(B)) ® F(C)

1G¢ POl
F(A)® F(B®C) F(A® B)® F(C)
P 3

F(A@(B@C)) o F((A@B)@C)
e A unique morphism ¢ : J — F(I) such that, for any object A of C,

the diagrams below commutes. (Again, we suppress the subscripts for

clarity.)
F(A)oJ —2— F(A) JOF(A) —2— F(A)
10e F(p) e®1 F(X)

F(A)© F(I) —— F(A®I) F(J)oF(A) —— F(I® A)
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We say the F' is strict if ¢ and ¢ are identities and strong if ¢ and ¢ are
isomorphisms.

We also define a monoidal natural transformation between two
monoidal functors n : F — G to be a natural transformation between
the functors such that, for every A, B, the diagram below commutes.

F(A)® F(B) —~ F(A® B)

naA®ONB NA®B

G(A) © G(B) G(A® B)

re]

Example 2.3.2. Consider the power set functor P : Set — Set which
associates each set X with its power set P(X). We may ask if this yields a
monoidal functor

P : (Set, x,{e}) — (Set, x, {o})

in any sense of lax, strong, or strict. It turns out that we may define a lax
monoidal functor, but not a strong or strict.

Towards defining a lax monoidal functor, let A, B two sets. Define
wa,B: P(A) x P(B) — P(A x B) to be a function where if U, V' are subsets
of A, B respectively, then

wap(UV)=UxV.
In addition, we define the function ¢ : {#} — P({e}) where
(o) = {o}.

Observe that with this data we have that for any sets A, B, C, the diagram
below commutes

P(A) x (P(B) x P(C)) —— (P(4) x P(B)) x P(C)

Ixp px1
P(A) x P(B x C) P(A x B) x P(C)
¢ ¢

P(ax (BxC)) . P((AxB)xC)
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and that for any set A the diagrams below commute.

P(A) x {e} > P(4) {o} xP(A) *— P(4)

1xe P(p) exl1 P(N)

P(A) x P({e}) —5—> P(Ax{e}) P({e}) x P(A) ——> P({e} x 4)

Note that our choice that c(e) = {e} was necessary in order for the above
two diagrams to commute.

We now show that this cannot be a strong or strict monoidal functor. To
see this, let A, B be two sets. Observe that

P(A) x P(B)| = 2141 . 2lBI — ol41+1B]

while
|P(A x B)| = 24%Bl,

We see that in general these two sets are not of the same cardinality, and
therefore one cannot establish an isomorphism between these two sets for
all A, B, which we would need to do to at least construct a strong monoidal
functor. Hence, we cannot regard this functor as strong or strict monoidal.

Example 2.3.3. The category of pointed topological spaces Top® is the
category where

Objects. Pairs (X, zg) with X a topological space and zp € X

Morphisms. A morphism [ : (X, z9) — (Y,y0) is given by a continuous
function f: X — Y such that f(z¢) = yo.

This category is what allows us to characterize the fundamental group of a
topological space as a functor

m : Top® — Grp

which sends a pointed space (X, xg) to its fundamental group 71 (X, z¢) with
xo as the selected basepoint. We demonstrate that this can be regarded as a
monoidal functor

m e (Top*, X, ({o},o)) — (Grp, x,{e})
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where {e} is the trivial group. The reader may be wondering how we are
putting a cartesian product structure on the Top™*, so we explain: For two
topological spaces X,Y, we define

(X,z0) x (Y,90) = (X X Y, (20, 0))

where X x Y is given the product topology. The identity object ({e},e) is
the trivial topological space with basepoint e.

For any two pointed topological spaces (X, xg), (Y, yo), define the function
exy : m(X,z0) x m(Y,y0) — 7(X x Y, (20, y0)) where for two loops /3,7
based as xg, yo respectively, then

exy(B,7)=Bx~:[0,1] = X xY

which is in fact a loop in X x Y based at (xg,yo). The above function is
bijective; an inverse can be constructed by sending a loop § in X x Y based
at (2o, yo) to the tuple (pod,qod) where

p: X XY —-X q: X XY —->Y

are the projection maps. It is not difficult to see that this preserves group
products, so that ¢x y establishes the isomorphism

7['1(X X Y? (x()vyO)) = 7T1(X7 $0) X 7T1(Y7 yO)

a fact usually proved in a topological course. In addition, this isomorphism
to be natural: for two pointed topological spaces (X, zg) and (Y, o), and for
a pair of base-point preserving continuous functions f : (X, z¢) — (W, wo)
and g : (Y,y0) — (Z, 20), the following diagram commutes.

(X, z0) X m1(Y, 0) (X XY, (z0,%0))

m1(f)xm1(g) m1(fxg)

T (W, wo) x m1(Z, z0) —owz T (W x Z, (wo, 20))

Thus ¢x y is our desired natural isomorphism.

Next, define € : {e} — 71 ({e},®) to be the group homomorphism that
takes e to the trivial loop at e. As in the previous example, we are actually
forced to define € in this way since {e} is initial in Grp.

With this data, one can easily check that the necessary diagrams are
commutative, so that the fundamental group functor 7 is strong monoidal.
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Example 2.3.4. Recall that a Lie algebra is a vector space g over a field
k with a bilinear function [—, —] : g X g — g such that

Antisymmetry. For all x,y € g, [z,y] = —[y, x]
Jacobi Identity. For all z,y, 2z € g we have that
[z, [y, 21l + [, [z, 2]] + [2, [z, 9]] = 0.

For every Lie algebra g, we may create the universal enveloping algebra
U(g). This is the algebra constructed as follows: If T'(g) is the tensor algebra
of g, i.e.,

T =ko (g9 ©(g02gR9) D -

and I(g) is the ideal generated by elements of the form z @y —y ® = — [z, y],
then

Ulg) =T(a)/1(g)-
By Corollary V.2.2(b) of [Kas95], this construction is actually a functor

U : LieAlg — k-Alg.

Both categories can be regarded monoidal: (LieAlg, ®, {e}) is the monoidal
category where we apply the cartesian product between Lie algebras, and
(k-Alg, ®, k) is the monoidal category where we apply tensor products
between k-algebras over the field k. The associators and unitors are the same
that we have encountered in previous examples of monoidal categories with
cartesian and tensor products.

We demonstrate that the universal enveloping algebra functor is strong

monoidal:
U : (LieAlg, &, {e}) — (k-Alg, ®, k)

o By Corollary V.2.3 of [Kas95|, we have that if g, and g, are two Lie
algebras then U(g) @ g2) = U(g1) ® U(g2). One can use Corollary

V.2.3(a) to show that this isomorphism is natural in both g; and go.

We let this morphism be our required isomorphism

Par,a2 - Ulg1 © g2) — U(g1) ® U(ga).

o Note that U({e}) = k. Therefore, we let ¢ : k — k be the identity.

As the associators and unitors are simple for monoidal categories with
cartesian and tensor products, it is not difficult to show that the required
diagrams commute. In this case, what is more difficult is obtaining naturality
in ¢, although this is taken care of (in a long proof) in Kassel’s text.






Chapter 3

Proving Mac Lane’s
Coherence Theorem

Step Zero: Motivation

In the next few sections, we will take many steps which will culminate in
a complete proof of Mac Lane’s Coherence Theorem, an important theorem
that informs us of the structure of a general monoidal category.

The proof of the Coherence Theorem can be found in [Mac7l1], and any
research paper that concerns itself with monoidal categories will usually cite
Mac Lane’s book (or a similar source like Joyal and Street) for the theorem.
While there is no doubt as to the veracity of Mac Lane’s proof, his exposition
is confusingly written and more of a proof outline. Because Mac Lane’s work
is very in depth, it would require a huge amount of time and work to perform
a clear rewrite and restructuring. This is what this thesis does and we now
offer such a complete proof.

To motivate the direction of Mac Lane’s approach, we will discuss the
structure of a general monoidal category, and the natural questions that arise
regarding this structure.

Let (M, ®,1,a, p, ) be a monoidal category. For objects A, B,C, D, E of
M, we can use the monoidal product ® to generate various new expressions,
such as A ® B. For example, there are two ways to combine three objects:

A®(B®C) (A®B)®C.
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There are five ways to multiply 4 objects:

A®(B®(C®D) A®(B®C)®D) (A®B)®C)®D
Ao (BoC)eD) (Ae(B®C))® D.

And there are 14 ways to combine 5 objects. We will not list them here.
On the surface, we don’t really know what the relationship is between
the various expressions we are generating. For example, do

A®((B@C)and (A® B)®C

or

AR (B®(C®D))and A® ((B®C)® D)

have any relation with each other? In practice when A, B,C, D are sets,
vector spaces, groups, or whatnot, the above expressions do have something to
do with each other. That relationship is usually an isomorphism. Therefore,
if we are to develop some kind of theory of monoidal categories, we ought to
make sure that these objects are isomorphic in some way.

Fortunately, monoidal categories do provide isomorphisms between differ-
ent choices of multiplying together a set of objects. For example, from the
axioms of a monoidal category, we know that the objects A ® (B ® C) and
(A® B) ® C are related via the isomorphism a4 gc.

QA B,C

A(B®C) —> (A®B)®C

We also know from the axioms of a monoidal category that the 5 products
of 4 objects are related via the diagram consisting of natural isomorphisms
as below.

A® (B® (C® D)) 2298 (4@ B)® (C® D) 22298 (A B)® C) @ D

1a®ag,c,p aa,B,c®lp

AR (B®C)® D) (A (B®C))®D

QA B®C,D

Moreover, this diagram is guaranteed to be commutative for all A,B,C,D in
M (we will elaborate why this is a profound, useful fact).

Finally, repeatedly using instances of «, the 14 ways to multiply 5 objects
are related via the 3 dimensional diagram as below.
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Front. Note that the symbol ® has been suppressed.

A((BC)(DE))
1A®a:%’,D/ W;DE
A(( A(BC))(DE)
(1a®ap,c,p)® aa,B,c®(1p®1E)
CD))E) QA,B(CD),E QA(BC),D (AB)C

@A Bo,D®LE

(A((BC)D A(BC))D)E
QA,BCD,E Q(AB)C,D,E
(1a®ap,c,p)®1E (aa,B,c®1p)R1E
B(CD)))E (((AB)C)D)E
QA B m AD@lE

Back.

/

aA%c DET 'a®apo.n.5
(A(BO))( C)D)E)

aa,B,c®(1p®1g) (1a®ap,c,p)®1E
QA,B,C(DE) 14®(1®ac,p,E)
C)(DE) A((B(C
aAB c DE

\ ) A(B /A’® B,CD,E
(1a®1B)®ac,p,E Q4 B (CD)E
Q(AB)C,D,E QA,BCD,E
(AB)((CD)E)

XAB,CD,E

aAB;m AD@L‘J

Q
S
3
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However, it is not an axiom of monoidal categories that this last diagram is
commutative (with a ton of work, one could prove it to be commutative).

To understand what’s going on, let us first understand why commutativity
is important. The axioms of a monoidal category grant us the commutativity
of the pentagon, which connects the five different ways of multiplying four
objects A, B,C, D. This tells us the following principle: while there are 5
different ways we can multiply four objects A, B, C, D, each such choice is
canonically isomorphic to any other choice.

To see this, suppose you and I want to multiply objects A, B,C,D
together. Suppose my favorite way to do it is (A ® B) ® (C' ® D), while you
choose (A® (B® C)) ® D. Then we might be in trouble: I have two possible
ways, displayed below in blue and , to “reparenthesize” my product to
get your object.

A®(B®(C®D)) <*— (A® B)® (C® D) (A®B)®C)® D
1R«
A (B C)® D) = (A (BC))® D

Fortunately, the commutativity of the pentagonal diagram enures that the
two paths are equal. That is,

ao((l®a)oat) = )o

so that, in reality, I actually have one unique isomorphism (i.e., a canonical
isomorphism) from my object to yours, and you can also canonically get
from your object to mine by inverting the unique isomorphism.

However, our choice of two different parenthesizations was arbitrary. The
commutativity of the entire diagram therefore tells us that any choice of
“parenthesizing” AR BQC® D, the product of 4 objects in M, is canonically
isomorphic to any other possible choice. This brings up a few questions.

e What do we mean by “parenthesizing?”
¢ What about a product with n-many objects A for n > 47

We will rigorously specify what we mean by parenthesizing in a bit. To
answer the second question, we state that this result holds for n > 4; this is
one version of the Coherence Theorem.
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Step One: Category of Binary Words

To begin the proof of the coherence theorem, we need to first state the
theorem itself. This task itself is quite laborious, although it is a worthwhile
investment to establish clear terminology and notation, especially in writing
the proof itself. Our primary tool will be the abstract concept of a binary
word.

Definition 3.2.1. Let zg, 21 be two distinct symbols. A binary word w
is an element defined recursively as follows.

e g and z; are binary words.

o If u,v are binary words, then (u) ® (v) is a binary word.

More precisely, a binary word is any element in the free magma M =
F({xo,x1}) generated by xzg, z1, but we will see that the first definition we
offered is more useful and transparent.

Example 3.2.2. Since xg,z; are binary words so is the expression:

(Z’o) & (.%'1)

Similarly, the expressions

(w0) @ ((20) ® (21))  ((w0) ® (21)) ® 21

are binary words.

From the previous example, we see that the notation is a bit clunky. On
one hand, our definition, which states that (u) ® (v) is a binary word if u,v
are, is required so that we can logically manage our parentheses. On the
other, it makes notation clunky.

To remedy this, we will often omit parentheses. Given an expression of a
binary word, we will always omit the parentheses around individual symbols
in the expression. With this rule, we have that:

(7o) ® (z1) = w0 ® 71
(z0) ® ((z0) ® (71)) = 2o ® (0 ® 71)
(o) ® (21)) ® (21) = (20 ® 71) ® 71

That is, we keep the parentheses which group together individual products,
and throw away the ones which our smart human brains can don’t need.
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Next, we move onto an important quantity that we will often perform
induction on.

Definition 3.2.3. We define the length of a binary word w, denoted as
L(w), recursively as follows.

o L(xp)=0and L(z1) =1

e If w=u® v for two binary words u, v, we set:
L(w) = L(u) + L(v)
Example 3.2.4. The binary words
(1 ® x0) ® 21, (r1 ® 1) ® x0, (xo® (21 ® 1)) @ o

all have length 2.

More informally, the length of binary word is simply the number of z;
symbols that appear in its expression.

Example 3.2.5. For any binary word w, we have that
L(w® x0) = L{(x0 @ w) = L(w).
If additionally u,v are binary words, we also have that

Lu®(vRw))=L(u)~+ (L(v)+ L(w))
= (L(u) + L(v)) + L(w)
L((u®v) ®w).

We will use the observations made in the previous example later in
this section. We now demonstrate that these binary words assemble into a
category.

Definition 3.2.6. The category of binary words is the category VW where
Objects. All binary words w of length n =0,1,2,...,

Morphisms. For any two binary words w and v, we have that

{e} if v,w are the same length

%} otherwise.

Homyy (v, w) = {

where {e} denotes the one point set.



Step One: Category of Binary Words

69

What the above definition tells us is that any two binary words share
a morphism if and only if they are of the same length. Moreover, they will
only ever share ezactly one morphism. Since there is always at most one
morphism between any two objects in W, we see that WV is a thin category.
Moreover, it is monoidal. To prove that it is monoidal, we will need the
following small lemma.

Lemma 3.2.7. The multiplication of binary words extends to a bifunctor
Q:WXW-—-W.

Proof: First, we explain how ® : W x W — W operates on objects and
morphisms. If (u,v) is an object of W x W, we set ®(u,v) = u®v. Next,
consider two morphisms in W.

/ /
Yiu—u B:v—v.

Note that this implies £(u) = L(u') an L(v) = L(v"), which also imply
that
Lu®v)=Lu)+ L) =LW)+ L) = LW @).

Therefore, we define the image of (v, 8) under the functor, ®(~, 8), which
we more naturally denote as v ® 3, to be the unique morphism between
uRv —u .

We can picture the action of this functor on objects and morphisms
more clearly as below.

W x W w

(v:8)

(Ul,vl) P (UQ,'UQ) maps to Q8

YRV ——> v v

In addition, for any (u,v) in W x W, the identity morphism 1, :
(u,v) — (u,v) is mapped to the identity 1l,g, : u ® v — u ® v. Finally,
to demonstrate that this respects composition, suppose that (v, ) is
composable with (7', 8") as below.

W x W
(,8) *y',8')

(u1,v1) ——> (u2,v2) ——> (u3,v3)

As both (7/,8") ® (v,8) and (7' o) @ (8’ o 3) are parallel morphisms
acting as (u1,v1) — (us,vs), they must be equal because W is a thin
category (and hence parallel morphisms are equal).

Therefore, we see that ® : W x W — W is a bifunctor.
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We now show that W assembles into a monoidal category.

Proposition 3.2.8. (W, ®, x() is a monoidal category with monoidal prod-
uct @ : W x W — W and identity object xg.

Proof: First, we define our product to be given by the bifunctor ® :
W x W — W. Second, we define our identity object to be zg. With these
two conditions we now need to find unitors, an associator, and check that
the necessary diagrams commute.

Now as any two binary words of the same length share a unique
morphism, all morphisms are isomorphisms. Therefore, by Example [3.2.5
the isomorphisms

Qyow - U@('U@U}) - (u®v)®w
Aw P To QW =5 w
Puw W RQ Ty —= W
are forced to exist. Further, these isomorphisms are natural because

all diagrams commute in a thin category. In addition, since W is a
thin category, all diagrams commute, and so, in particular, the required

diagrams
u® (g ®@v) duro (u®xp) @V
1@%* ‘A@lu
U Qv
Ay v, wQz AyQ@u,w,z
u®(v®(we z)) (L®v)® (0w 2) (u@v)®w)® 2z
1u®av,w,z Olu,v,w®]-z

u® (v w)® z) (u®(veow)®z

Ay, vQ@w,z

also commute, so that (W, ®,zg) satisfies the axioms of a monoidal
category.
|

We now make a few important comments on how to interpret «, p, and A.

e Each a0 1 u®(v@w) — (u®v) ®w can be thought of as an operator
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which shifts the parentheses to the left. Dually, a;j)’w shift them to
the right.

e Each Ay : zg®w —=> w can be thought of as an operator that removes
an identity from the left. Dually, A} adds an identity to the left.

e Each p, : w®xg == w can be thought of as an operator that removes
an identity from the right. Dually, p! adds an identity to the right.

Hence, this very primitive monoidal category W encodes some basic and
useful operators on binary words.



72 Proving Mac Lane’s Coherence Theorem

Step Two: Pure Binary Words

In this section we begin discussing a specific subset of binary words,
namely the one which lack an identity xg. As the theorem is quite complex,
this initial restriction allows us to develop intuition and some tools that
simplify the proof later.

Definition 3.3.1. A pure binary word w of length n is a binary word w
of length n which has no instance the empty word x.

Example 3.3.2. The only pure binary word of length 1 is 1. There is also
only one pure binary word of length 2, which is 1 ® 1. The pure binary
words of length 3 are

1 ® (1 ® 1) (1 ®71) ® 71

and the pure binary words of length 4 are as below.

@1 R@ ) 11Q(z1@z)Qx1) ((x1®@21)Qx1)®1
1 ® ((.1‘1 X xl) ®x1) (ZL’1 ® (ZE1 & :El)) ® 21

Lemma 3.3.3. For each n > 1, there are finitely many pure binary words
of length n.

Proof: First, there is clearly only one pure binary word of length 1.
Now note that every pure binary word of length n > 1 will always have
the form

w=u®uv

where u,v are binary words with £(u) = i, L(v) = n — i, for some
i1 =1,2,...,n—1. Therefore, if there are B; many binary words of length
i, and B,,_; many of length n — i, then there are

n—1
i=1

many words of length B,,. Since By = 1 is finite, we see that B, must
also be finite for all n > 1.
[ |




Step Two: Pure Binary Words

73

Interestingly, the above recurrence can generate the Catalan Numbers.
Specifically, B, is exactly the n-th Catalan number

1 2
C, = ( n) 1,2,5,14,42,132,429, - - -
n+1l\n

However, we make no critical use of this fact in our proofs.
Next, we form a category of pure binary words.

Definition 3.3.4. The category of pure binary words Wp is the full
subcategory of W constructed by restricting the objects of W to its pure
binary words.

More explicitly, Wp is the category defined as:
Objects. All pure binary words w of length n =0,1,2,...,

Morphisms. For any two pure binary words u, v of the same length, we
have that Homyy, (u,v) = {e}, the one point set. No other morphisms are
allowed.

We now focus on a particular set of morphisms in Wp. Recall that we
may think of each o as a “shift map”

Quuwy U (VR W) — (L®V)®w

which makes a single change in the parenthesis of a binary word. However,
« itself does not characterize all possible always in which we make a single
change of parentheses within a larger, more complex binary word. An
example of this is the morphism

li @ Aypw:s® U@ vew) —s® (u®@v)@w)

which makes an internal change of parentheses. As we will need to focus on
these more complicated morphisms, we rigorously define them below.

Definition 3.3.5 (a-arrows). A forward a-arrow of Wp is a morphism
in Wp which we recursively define as follows.

e For any triple of pure binary words w1, we, w3 in Wp, the morphism
aw1,WQ,w3 Lw X (w2 ® wS) — (wl ® w2) &® ws

is a forward a-arrow.
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o If B:w — w' is a forward a-arrow, and u is an arbitrary pure binary
word, then the morphisms

L, @B u®@w—uxw LRl w@u—w @u
are forward a-arrows.
We also define a backward a-arrow to be the inverse of a forward a-arrow.

Example 3.3.6. Below are a few simple examples of a-arrows. The first
two are forward, while the third is backward.

5@ e Ne@me@Emen)) (@1en)® @ ®n)
O‘“”lvﬂvl»gcll 1$1®O‘$1,9¢1’$1J agll,ml,z1®zl
(z1 @ x1) @ 21 21®(r1@x)@w1) 21Q (11 ® (11 ®21))

We can have even more complicated examples; for example, the morphism
below

(u®(r1® (11 ®2x1))) @0
(1u®aw1,w1,zl)®1wl
(L@ ((r1®@z1) ®z1) RV

is an a-morphism for any pure binary words u,v. For example, setting
u=(r1®r1)®r and v = r1 ® r1, we obtain the forward a-arrow as below.

(z1@21) @21 (11 ® (21 ®@21))) ® (1 @ x1)
(1(11§§I1)>Qa:1®a11v11’11)®1(3'1>§r1)l
(r1@z1)@21® (21 @21) Q1) ® (21 @ 21)

We emphasize that a-arrows only ever involve a single instance of « or
a~ ! in their expression.

Next, we introduce a particularly important instance of a pure binary
word that will become essential to our proof.

Definition 3.3.7. We define the terminal word w(™ of length n recursively
as follows.

e 1 is the terminal word of length 1.
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o If w® is the terminal word of length k, then w**+1) = w* @ z; is the
terminal word of length k + 1.

More informally, the terminal word is the unique pure binary word of length
n for which all parentheses begin on the left.

Example 3.3.8. Below we list the terminal words by length.

Length Terminal Word
1 Il
2 1 ® T
3 (x1 ®x1) ® 21
4 (11 ®@21)@21) @21
5 (1 @x1)®@21) @21) ® 21

We now introduce a quantity which provides a “distance-measure” be-
tween a pure binary word of length n and the terminal word w(™.

Definition 3.3.9. We (recursively) define the rank of a binary word as
follows.

(] T(:L’l) =0.

e For a pure binary word of the form w = u ® v, we set
r(u®v) =r(u) +r(v)+ L(v) — 1.

Example 3.3.10. We compute the ranks on the pure binary words of length
4.

r(@i(zi(ziz1)) =3 r(@((z1z1)z1)) =2
r((z1z1)(T121)) = 1 r((z1(z121))21) = 1
r(((z121)71)71) =0

Note that w®) = ((z121)z1)x1 and r(((z121)z1)z) = 0. Hence we see
that our intuition of the rank being a distance measure from w(™ so far
makes sense.

An important property of distance-measuring functions is nonnegativity,
which we will now see is satisfied by the rank function.

Lemma 3.3.11. Let w be a pure binary word of length n. Then r(w) > 0.
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Proof: We prove this by induction on n. First observe that this clearly
holds for n = 0 since r(z1) = 0.

Now let w be a pure binary word of length &, and suppose the statement
is true for all pure binary words with length less than k. Since k > 1, we
may write w = u ® v for some pure binary words u, v, in which case

>0 by induction

—_—~~
r(w) = r(u) +r(v) +L(v) — 1.

Since L(v) > 1, we see that r(w) > 0 as desired.
|

Keeping with the analogy of the rank being a distance measure, we ought
to verify that it is zero if and only if the input, which is being measured
from w(™, is w(™ itself. We verify that this is the case for the rank function.

Proposition 3.3.12. Let w be a pure binary word of length n. Then
r(w) = 0 if and only if w = w(™.

Proof: We proceed by induction. In the simplest case, when n = 1, we
have that r(x1) = 0 by definition. As 21 = w(), we see that this satisfies
the statement.

Let w be a pure binary word of length k, and suppose the statement
is true for all pure binary words with length less than k. Then we may
write our word in the form w = v ® v, and we have that

r(w) =r(u) +r(w)+ L(v) — 1.

By Lemma [3.3.11) we know that r(u),r(v) > 0. Therefore, if L(v) > 1
then r(w) # 0. Hence, consider the case for when L£(v) = 1, so that
v = z1. Then

rlu®v) =r(u)+r(x)) + L(x1) =1 =r(u)

Therefore, r(w) = 0 if and only if if r(u) = 0. But by induction, this
holds if and only if uv = w1, So we see that w = w1 @ 2 = wk),
which proves our result for all n.

Lemma 3.3.13. Let §: v — w be a forward a-arrow. Then r(v) < r(w).
In other words, forward a-arrows decrease rank.
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Proof: To demonstrate this, we perform induction on the structure of
forward a-arrows.

~

Our base case is f = ypw : U ® (V@ w) == (4@ v) ® w for some
arbitrary words u, v, w. With this case, observe that

ru®wew))=r{u)+rew)+Llvew)—1
=r(u) + (r(v) + r(w) + L(w) — 1)
+Lv@w)—1
while
r(u®@v)@w) =r(lu®uv)+r(w)+ L(w) —1
=r(u) +7r)+r(w)+ L(v) =1+ r(w)
+ L(w) — 1.
If we subtract the quantities, we observe that
rlu®@wew)) —r((utev)@w)=Lvw)— L(w)>0

since v has at least length 1. Therefore oy, ., decreases length as desired.

Next, we reach our inductive step: let 8 =1, R v: u®v — u®@ w
where v : v — w is a forward a-arrow for which the statement is already
true. In this case we have that

rlu®v) =r(u)+r)+ L(v) — 1.
while

r(u®w) =r(u) +r(w) + L(w) — 1.
Since L(v) = L(w) and r(v) > r(w), we see that r(u ® v) > r(u ® w).
Therefore, we see that 5 = 1, ® v decreases rank whenever + is a forward
a-arrow that also decreases rank.

Finally, let = y® 1, where v : v — w is a forward « arrow for which
the statement is already true. Then we may write 5 : v @ u — w ® u Now
observe that

rlv®@u) =r(v)+r(u) + L(u) —1
while

r(w®u)=rw)+ru) + L(u) — 1.
Since 7 : v — w decreases rank, we see that r(v) > r(w) and therefore
r(v®u) > r(w®u), as desired.

This completes the proof by induction, so that the statement is true
for all forward a-arrows.
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Thus what we have on our hands is the following. We know that the
rank of word w is zero if and only if w = w(™. Further, we know that
applying a-arrows to a pure binary word will decrease its rank. In other
words, shifting the parentheses of a pure binary word w brings w “closer” to
w™ (whose parentheses are all on the left). Therefore, the rank of a pure
binary word gives us a measure for how far a binary word w is away from
w™,

The following lemma demonstrates our interest in the word w(.

Proposition 3.3.14. Let w be a pure binary word of length n. If w # w(™,
then there exists a finite sequence of forward a-arrows from w to w(™.

Proof: We first show that for every pure binary word w # w(™ there
exists a forward a-arrow 8 with domain w. We prove this statement by
induction on length.

Observe the result is immediate for n = 1,2. Suppose the result is
true for binary words with length less than n > 3. Let w be a pure binary
word with length n. Then w = u ® v, with u, v other pure binary words.
We now consider two cases for u and v.

(1) The first case is when £(v) = 1, so that v = z1. As w # w(™ we
know that u # w1 and since u has length less than w, we see
that by induction there exists a forward a-arrow 8 : u — u'. Using
B, we can construct the forward a-arrow

LRy tu®xy —u ® .
Hence 8 ® 1,, is our desired forward a-arrow with domain w.

(2) The second case is when £(v) > 1. In this case we may write
w=u® (r®s). A natural choice for a forward a-arrow in this case
is simply

Qups  UR (T®s) = (URT)® s

so that this case is also satisfied.

As we see, in all cases for w # w™ | we can find a forward a-arrow with
domain w. As a-arrows decrease rank, and r(w) = 0 if and only if w (),
this guarantees a sequence of a-arrows from w to w(™, which is what we
set out to show.




Step Two: Pure Binary Words

79

The previous proposition has an immediate, useful corollary. It will be
used as one of the building blocks for the next section.

Corollary 3.3.15. Every morphism in Wp can be expressed as a finite
composition of a-arrows.

Proof: Let v,w be arbitrary pure binary words. Denote ¢, 4 : v — w
to be the unique morphism from v to w. By Proposition there
exists chains of forward a-arrows whose composite we denote as I'y : v —
w™ . Ty : w — w™. Our situation is pictured below.

v w

e

However, Wp is a thin category, so parallel morphisms must be equal.
Therefore
Pow = Fgl oly.

Hence ¢, ,, is a composition of a-arrows. As ¢, ,, was arbitrary, we see
that every morphism in Wp is a finite composition of a-arrows.

What this corollary says is that every morphism in WWp can be expressed
as a composite of forward and backward a-arrows. However, we emphasize
that there can be many different ways to represent a morphism in Wp via
a-arrows. This will be an issue which we discuss later in the next section.
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Step Three: Coherence for A®" in «

Using our results from the previous section, we are almost ready to take
our first major step in the proof of Mac Lane’s Coherence Theorem. Before
we do so, we need to introduce terminology to even state the theorem which
we will prove in this section. Towards that goal we introduce a few more
definitions.

Definition 3.4.1. Let (M,a, A, p,I,®) be a monoidal category. For an
object A of M, we define the proxy map of A to be a partial functor

(=)a:Wp = M

as follows. Note by partial functor, we mean a functor defined on all objects
of Wp, but only a subset of all morphisms of Wp.

Objects. We define the action on objects recursively as follows.
o Weset (z1)a = A.
e For a binary word w = u ® v, we define

(w)a=(u®v)a=(u)a® (v)a

Morphisms. We define the partial functor only on a-arrows. We do this
recursively as follows.

o For oy 4 4 With u,v,w as pure binary words, we set:

(Qupw)a = X(u) 4,(v)a,(w) 4

-1 _ -1
(au,v,w)A - a(U)A,('U)Av(w)A

e For1l,® p and 8 ® 1, with # an a-arrow, we set:

(lu®B)a=1w, ®(B)a
(B@1u)a=(B)a® 1y,
We now introduce the theorem of the section. This theorem is the first

major step in the proof of the coherence theorem, and the rest of this section
will be dedicated to proving it.
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Theorem 3.4.2 (Coherence in a.). Let (M,®,I,a,\, p) be a monoidal
category. For every object A, there exists a unique functor ® 4 : Wp — M
which restricts to the proxy map (—)4 on objects and a-arrows of Wp.

We address the question the reader most likely has in mind right now:
Why did we only define the proxy map on a-arrows? Why not define it on
all of the morphisms of Wp to get a functor to begin with? We did this to
avoid a potential well-definedness issue, which we now elaborate on.

Let us attempt to naturally extend the proxy map to a functor. With
Corollary it is clear how to proceed on defining (—)4 on general
morphisms.

Let v : v — w be any morphism in Wp. By Corollary there exist
forward and backward a-arrows 71, ...,7, such that

V=Moo,

Since the proxy map is in fact defined on a-arrows, and since functors
preserve composition, we are required to define

(Y)a = (m)ao---o(7)a.

However, we need to be careful. Suppose that we can also express v as the
finite composition of a-morphisms 41, ..., dp,.

N =10, 0007,

While v,,0---0v1 = d,,0---00d7 because Wp is a thin category, and therefore
parallel morphisms are equal, we have no idea if

(Yn)ao---o(y1)a= (Om)ac---0(d1)a

is true in M. That is, we do not know if equivalent morphisms in Wp
are mapped to equal morphisms under the proxy map. Our issue is one of
well-definedness.

This issue is similar to one which arises in group theory. When one
attempts to define a group homomorphism on a quotient group, they must
understand that there are different, equivalent ways to represent an element.
In this situation they must make sure that the equivalent elements are
mapped to the same target in the codomain.

Example 3.4.3. To illustrate our point, we include a concrete example
of our problem which also demonstrates its nontriviality. For notational
convenience, we suppress the instances of the monoidal product ®. Let

7 a1((@rzn)(2121)) — (@1 (v121))w1) 21
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Then we have many possible ways of expressing v in terms of our a-arrows.
Some potential ways we could express v are displayed below in purple, blue,

or
r1((v171)(2121))
11El®afl?l(lfl,il?1,il?1
z1(((z121)21)21) v (x1(x121)) (2121)
(lrlxalll\ﬂ.n)xy &jl 21 ®(1ay @1ay)
(lil,'l,(lfl(fl}l,’ltl>,;ltl
z1((z1(z121))71) (@121)21) (z121)

(21 ((z121)21) )y — T (g (@) a2

Y(zy2y)2y 21,21
/1x1®ax1,x1,w1)®1w1 (”Tl xq, 71951,[)\5@11]

Az, ziz21,2]

(z1(z1(7171))) 21 (z121)21)21)7
QA ,xq zm Azqxq,21,7] @LL’]
(z121)(T121)) 71

As this is a thin category, we know that the composition of these paths are
equal in Wp. However, we now have many ways to define v under the proxy
map (—)a. We could write

(V)A:(( 111111 ® 1y )@1 ) O"’O(lml ®a:1:1¢1:1,fz:1,:1:1)A
(<Y4A A®@1p)®140---0la@asa,4.4
or
(7)14 = (afrl,!rlzrl,frl ® 11‘1)14 ©---0 (1’£1 & amll‘l,%l,wl)A
=A,44,4® 10 014 ® 4,44

or

(7)a=( Jao( )A

== (]

But as morphisms in M, we don’t know if these compositions in M, displayed
below, are all equal.
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A((AA)(AA))
1/\®(Y1%
A(((AA)A)A) ()4 (A(AA))(AA)
(La®aj iy 4)®1a @4,4,A0(14®14)
QA A(AA),A
A((A(AA))A) ((A4)A
(A((AA)A)A 120 (A(A4)A)A
QA AAAA Q(AA)AAA
ﬁh&@tm A4,4)®14 (a3l A®1a)®1 :\
(A(A(AA))A (((AA)A
QALA, XN %\ AQL»
((AA)(AA4))A
Hence we need to show that the purple, blue, and compositions are

equal in M. While we could perform tedious diagram chases to show that
they are equal in M, that would only address three of the many possible
ways to express . It also would not take care of the case for much larger
binary words! Hence, this problem is very nontrivial in general; we need
higher level techniques to get what we want.

Therefore, to define a functor in the first place, we need to prove the
following fact.

Proposition 3.4.4. Let (M, ®,I,a, A, p) be a monoidal category, and let A
be an object of M. Let v, w be binary words of the same length. If 51,..., 5
and v1,...,7¢ are a-arrows with

Bro---ofB, o0y v —w

then (fr)ac---o(Bi)a= (yac---o(y1)ain M.

To prove this proposition, we will see that it actually suffices to prove the
the special case with w = w(™ and with 81, ..., 8 and 41, . .., v all forward
a-arrows. That is, it suffices to prove the following proposition.
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Proposition 3.4.5. Let (M, ®,1,a, ), p) be a monoidal category, and let
A be an object of M. Let w be a pure binary word of length n. If 51,..., 8k
and 71,...,7e are forward a-arrows with

Bro-opi, ooy :w—w

in Wp, then (Bi)ao---o(f1)a= (v)ao---o(y1)ain M.

To prove this it will suffice to prove the Diamond Lemma (stated below).
It will turn out the bulk of the overall proof toward our theorem will be spent
on the Diamond Lemma. At the risk of downplaying its importance, we leave
the proof of the Diamond Lemma to the end since it is very tedious and
involved, and we do not want to disrupt the flow of the current discussion.

We summarize our plan on how to prove Theorem The uncolored
boxes, and the implications between them, are what is left to do.

’ Work of Section 1.7 ‘ ’ Diamond Lemma ‘

’ Proposition [3.3.14] ‘ ’ Proposition [3.4.5] ‘

’ Proposi‘\ciron ‘

’ Theorem [3.4.2] ‘

Lemma 3.4.6 (Diamond Lemma). Let w be a pure binary word and suppose
081, B2 are two forward a-arrows as below.

w
2N
w1 w2

There exists a pure binary word z and two v; : w1 — 2,72 : we — 2, with
1, 2 a composition of forward a-arrows, such that for any monoidal category
(M, ®,1,a, A, p) the diagram below is commutative in M.
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(w)a
(y wj
(w1)a (w2) A
(2)a
Since the above lemma is an existence result, we emphasize this fact by
coloring the arrows, which we are asserting to exist, Green. This is a practice
we will continue.

As promised, we now prove Proposition [3.4.5| using the Diamond lemma.
We restate the statement of the proposition for the reader’s convenience.

Proposition Let (M, ®,1I,a, A, p) be a monoidal category, and let
A be an object of M. Let w be a pure binary word of length n. If 51,..., 5%
and v1,...,7 are forward a-arrows with

Bro---opi,yo- oy :w— w™

in Wp, then (Bx)ao- -0 (f1)a= (v)ao---o(y1)ain M.

Proof: To prove the desired statement, we proceed by induction on the
rank of a pure binary word w. In what follows we write we will write
w = u® v since L(w) > 3.

For our base case let w be a word of rank 0. Then by Proposition
3.3.12] we see that w = w(™ so that this statement is trivial.

Next suppose the statement is true for all words with rank at most
k where k > 0. Let w be a pure binary word of rank k£ + 1. We want to
show that the diagram in M

(w)a
N
(u1)a (v1)a
(ﬁk)Ao--om Awmu
(w(™) 4

is commutative. By the Diamond Lemma there exists exist a pure
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binary word z and two composites of forward a-arrows 3’ and v/ such
that the diagram below is commutative in M.

\/

Let T, : 2 — w(™ by any composition of forward a-arrows from z to w(™;
at least one must exist by Proposition We can now combine our
two diagrams in M to obtain the diagram below.

(Br)ao--o(B2)a

(T2)a / (ve)oro(n2)a

By Lemma [3.3.13] we know that forward a-arrows decrease rank, so that
r(u1) < r(w) and r(v1) > r(w). Hence we invoke our induction hypothesis
to conclude that both the lower left and lower right triangles commute in
M. As the original upper diamond already commutes via the Diamond
Lemma, we see that the entire diagram is commutative. Therefore we
have that

(Br)ao---o(Bi)a=(v)ao---o(m)a

in M. This completes our induction and hence the proof.
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As promised, we use the above proposition to prove Proposition

Proposition Let (M, ®,1,a, A, p) be a monoidal category, and let A
be an object of M. Let v, w be binary words of the same length. If 51,..., g
and v1,...,7¢ are a-arrows with

Bro-of,yo-omiv—uw

then (Br)ao---o(B1)a= (yw)aoc---o(y1)ain M.

Proof: We begin by denoting the domain and codomain of the a-arrows
to make our discussion clear. Let ug,...,ux,to,...,ts be the pure binary
words such that ug = tg = v, vy = up = w and

Bi:ui_1—>ui, i:1,2,...,k

’}/jit]’_l—>t]’, j:1,2,...,€

Note that each morphism may either be forward or backward. With this
notation we can picture our parallel a-arrows in Wp as below.

63

5/ e N
1

v

S A

11
$t24

w

Now consider the image of this diagram in M, which we do not yet know
to be commutative.

(B3)a
(ur)a—_(B2)a (Br)a
\(u2)A/ \( )
w) 4
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Our goal is to show that this diagram in M is in fact commutative. This
will then show our desired equality.

By Proposition we can connect each pure binary word u; and
t; to the terminal word w™ with forward a-arrows Ly, tu; — w™ and
Iy, :ti — w™ . If we add these to our diagram (and suppress the notation
on the I's), it becomes

(™)
ﬂ m Bk
oi1
w

v /
e
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Thus the diagram has become a cone, with apex w™ | which is sliced by
the triangles. The base of this cone is the original diagram. We now show
that each triangle is commutative.

Note that each triangle is of two possible forms: it either consists of
B or ;. Without loss of generality, consider a triangle with an instance
of (3;, as below.

(Bi)a

(ui—1)a (ui)a

(Fui_l)A (Ful)A
(w(m)A

Now if 3; is a forward a-arrow, observe that by Proposition [3.4.5|it is a
commutative diagram in M.

On the other hand, suppose §; is a backward a-arrow. Then 3, Lisa
forward a-arrow. Then we may rewrite the triangle as

(B;7")a

(uwi-1)a (ui)a

(Fuifl)A (Fui)A

(w(”))A

so that it now consists entirely of forward a-arrows. This then allows us
to apply Proposition to guarantee that it is a commutative diagram
in M. Thus, what we have shown is that each triangle in the above
diagram is commutative in M. This literally means that for each ¢,

(Lu)ao (Bi)a= Tuy)a = (Bi)
(Fti)A o ('71) (Pti—l)A = (71)

Therefore, we see that (8x)4 0 ---0(81)a can be written as

((Cu)z" o (Cu)a) o ((Tuy )3 0 (Tuy u)a) 00 ((Tu)3' o (Tu)a)

which is a “telescoping” composition that reduces to

(Fuz)gl © (r’ltFl)A
(FT/>711 © (ny‘fl);—"

A
A

(ch);ll © (FUO)A‘
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Similarly, we can expression (yg)40---0(71)4 as

()2t e (o)) o (e )3" 0 (Tiy o)) oo ((Tn) 31 o () )
which also reduces to
(Fte)zl o (Fto)A'
However, u; = t;, and ug = tg, so that

(Tu)a o(Tug)a = (Te) 1 oTee)a = (Br)ac--o(B1)a = (Br)ao--o(B1)a

Thus we have that our original diagram in M

(m)A%( W %)A

u2) A

(A m

(12)a (t2)a

is commutative. Therefore we have that parallel sequences of a-arrows
are equal in M, as desired.

Finally, we use all of our previous work to prove Theorem In this
case, the proof is simply the definition of our desired functor. We state the
theorem here for the reader’s convenience.

Theorem [3.4.2] (Associator Coherence.). Let (M, ®, I, a, A, p) be a monoidal
category. For every object A, there exists a unique functor ®4 : Wp — M
which agrees with the proxy map (—)4 on the objects and a-arrows.

To define this functor, we will (in this order) define the functor on (1)
object, (2) a-arrows, (3) general morphisms of Wp, and then finally show
that our definition preserves composition.

Objects. For a pure binary word w, we define ®4(w) = (w) 4.
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Morphisms. (1) If 8 is an a-arrow, we define ®4(8) = (8) 4.

(2) Now we define our functor on a general morphism v — w in Wp.
For convenience denote this as ¢y, : v — w.

We know by Corollary [3.3.15|that there exist finitely many forward
and backward a-arrows 71, ..., such that

Pvw = VO 071-

Therefore, define

D A(Po,w) = (e o---0m) = ()ao-o(y)a.

By Proposition [3.4.4] we see that this definition is well-defined.

Note that this definition allows the functor to also be well-defined on
identities, i.e., in all instances, ®4(1,) = 1.

We now show that this definition of our functor behaves under compo-
sition. Let ¢y : u — v and ¢y 4 : v — w be morphisms in Wp. Then
there exist sequences of a-arrows f1,..., 5 and 7, ..., such that

QOU/”U:/BICO”‘O/Bl (pv’w:’yéo...oryl‘

Then we can write

(I)(SOU,wOSOu,v):(I)(’Ygo'--o'yloﬁko...oﬁl)
= (v)ao---o(y)ao(Be)ac--o(Bi)a
— G(qp0-0m) 0 D(Bro--oBy)
= ®(pv,w) © P(Pu)

Hence we see that our definition on morphisms behaves appropriately
on composition, so that ® is in fact a functor.

We conclude this section by proving the Diamond Lemma, which we have
now seen to play a critical role in this proof.

Lemma m (Diamond Lemma). Let w be a pure binary word and suppose
1, B2 are two forward a-arrows as below.

P

w1 w2
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There exists a pure binary word z and two v; : w1 — 2,72 : we — 2, with
1, 2 a composition of forward a-arrows, such that for any monoidal category
(M, ®,1,a, A, p) the diagram below is commutative in M.

CmNe

As we said before, the above lemma is an existence result, so we emphasize

is commutative.

this fact by coloring the arrows, which we are asserting to exist, Green.

Proof: We will prove this using induction on the length of w = u ® v.
Therefore, throughout the proof, suppose the result is already true for all
words of length less than that of w.

We proceed in a case-by-case basis, exhausting the possible forms
of 51 and (2. For our purposes, we will express w = u ® v. Whenever
L(v) > 1, we write v = s ® ¢.

Let 51, B2 be forward a-arrows. Then (571 could be of the forms

Quyy,s,t 1, ®m 71 ® 1y
and (3o could be of the forms
Oly, st 1u @ 72 Y2 & 11}-

with 71,72 already forward a-arrows. Therefore, our cases for 51, 5o,
displayed in tuples, are listed in the table below.

(B1, B2) Qy .t 1, ® 72 Y2 ® 1,
Qyys.t (st st (O s.t, Ly @ 72)

l.®m (171 ® 7, a'lt,.%t) (1u ® 71, Ly ® 72) (111 @Y1, 72 ® 11:)

7 ® Ly (1M ® Ly, lu®72) (11 @ Ly, @ L)

While there are 9 cases displayed above, we have pointed out via color
the pairs of cases which are logically equivalent to each other due to the
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symmetry of our problem. Therefore, we actually have 6 cases to check
We now proceed to the proof.

Case 1: (o 51, yst)-

In this case, we have that 81 = (59, for which the statement is trivially true.

Case 2: (7 @ 1,,1, @)
Suppose 1 = 71 ®1, and By = 1, ®y9. Here, v1 : u — v/ and 9 : v — v/
for some pure binary words u/,v’. Then we get the diagram

U@

luréc\A ‘A/

w @
which commutes by the bifunctoriality of ®.
Case 3: (7] @ 1,72 @ 1,)

Suppose f1 =71 ® 1, and B2 = v ® 1, with 41 : u — ug and v9 : u — ug
both forward a-arrows. Then in this case we have the triangle below in

M.
(71)A®V w;@(vm

(u1 ®v)a (u2 ® v) 4

Note that the above diagram is the image of diagram

(u)a
(y w
A (u2)a

under the functor (—) ® (v)a. As L(u) < L(u ® v), we know by our
induction hypothesis that there exists a pure binary word z and a pair of
composite, forward a-arrows o1 : u; — z and o9 : uo — z such that the
diagram below commutes in M.
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(u)a
(1)a W
(u1)a (u2)4
(01)a (02)a

(2)a

Therefore we can apply the functor (—) ® (v)4 on the above diagram to
obtain the commutative diagram below

(u)

® (v)a
BQ)A®/ Wﬁg(l v)a

® (v)a (u2)a ® (v)a
0'1 4>{N ((TZ)X(L)A
(2)a® (v)a

which proves this case.

Case 4: (1, @71, 1, @72)

The next case is when g1 = 1, ® 71 and [2 = 1, ® v with 71 : v — vy
and 72 : v — vo. However, this can be proved in a similar manner as the
previous case using the induction hypothesis and the functor (u)4 ® (—).
Case 5:

Let 81 = ayst, so that w = u® (s ®@1t). Let o = 12 ®@ 1, = 12 @ lsat
with v9 : u — v/ a forward a-arrow. Then we will have the diagram in M

®(s®t))a
mV Wfalm
((u (v ®(s®t))a
((v2®1s N (oyr s4)A
(W ®s)@t)a

which commutes in M by naturality of a.
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Case 6: (v s, 1, @ 72)

Let 81 = aws,t, B2 = 14 ® v with 7 a forward a-arrow with domain s ® ¢.
By the recursive definition of a forward a-arrow, we have three possible
cases for 7.

Case 6.1: y=1,®°
With v = 1, ® 7/ with 7/ : t — ' already a forward a-arrow, we have the
diagram in M

(U@ (s®@t))a

(y (1u®(1:@7)a

(u®s)@t)a (U@ (s®t))a

((lu‘g IS)X"?’)‘"\

(u®s)@t)a
which commutes in M by naturality of c.

Case 6.2: =9 ®1;
If vy =9 ®1; with 7/ : s — &’ already a forward a-arrow, we can create
the diagram

s®t

V (Lu®(y ®1t

(u®s)® (U@ (s @t))a

(lux le /

which also commutes in M by naturality of a.

Case 6.3: 7= a4

The third case for v is when v = o, p 4. In this case, we express w =
u® (s® (p®q)). We can then construct the diagram
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(u®(s®@(p®q)))a

(Qu,s,p0q) A (lu®as,p,q) A

(u@s)@(p©q))a (v® ((s®p)®q))a
(Urv:Xs‘]).r]);—'\ (au,s®p,q)A

(u®s)®@p)@q)a

— (w (s©p) @)
which is always commutative in M. In this case, the word ((u®s) @ p) ®q
acts as our vertex z which completes the diagram.

As we have exhausted all possible cases, we see that the statement is
true for pure binary words of rank k£ + 1 if it is true for all pure binary
words with rank at most k. By induction, the statement is true for all
binary words of any rank, so that we have proved the theorem.
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Step Four: Binary Words

So far we have established a unique functor ®4 : Wp — M for each
object A of any given monoidal category M, and this functor grants us
coherence in the associators between iterated monoidal products of a single
object. We now consider such monoidal products with the identity I as well,
so that we may say something about coherence with regard to the unitors A
and p in a general monoidal category. Towards that goal, we now consider
binary words (not just pure binary words) and introduce some definitions.

Recall that £ calculates the length of a binary word, or more informally,
the number of x1’s in a binary word. We now introduce a dual quantity
which instead counts the number of g

Definition 3.5.1. Let w be a binary word. Define the identity length of
w, denoted &, recursively as follows.

o &(xp) =1and E(x1) =0.
o E(u®v)=~E(u)+EW).

Similarly to how £(—) counts the number of x;’s in a binary word, £(—)
counts the number of z¢’s in a binary word.

Next, we introduce the following concept that will later on be key to our
proof of Mac Lane’s Coherence Theorem.

Definition 3.5.2. Let w be a binary word. We define the clean word
derived from w, denoted w, recursively as follows.

o We set 71 = 1.
o If £L(w) =0 (i.e., it has no instance of x;) then W = zy.

o Let u,v be binary words with £(u) =0 and £(v) > 0. Then

URU=vR®U="7T

o Let u,v be binary words with £(u),L(v) > 0. Then u® v =u ® V.

Note that for a pure binary word w, we have that w = w. Informally,
the clean word of a binary word of nonzero length is simply the pure binary
word obtained by removing all instances of the identity from its expression.
In the case for a binary word with zero length, we naturally define the clean
word to be xgq .
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Example 3.5.3. We offer some examples of clean words obtained from
binary words.

Word Clean Word
o ® (2o ® xp) dy)
o ® (21 ® x0) x1
(x1 ®@20) ® 21 r1 Q2
((x1 ® 20) ® o) ® X1 T ® T
(11 ®20) ® (11 @ 20) @ 21) | 71 ® (71 ® 1)

The above example also shows that two different binary words can have the
same clean word.

Definition 3.5.4 (Monoidal Arrows). A forward monoidal arrow of W
is defined recursively as follows.

e For any triple of binary words u, v, w, the morphisms

O‘u,v,w3u®(’0®w)%(u®v)®w
A 10 QU =5 u

Pu:UR Ty —— U

are, respectively, forward a-, A\-, and p-arrows. They are collectively
defined to be forward monoidal arrows.

e For any binary word u and forward monoidal arrow g, the morphisms
1, ®u w1,
are forward monoidal arrows.

Finally, we say a backward monoidal arrow is the inverse of a forward
monoidal arrow.

We also establish the following terminology to distinguish our a-arrows
from our A\ and p arrows.

Definition 3.5.5. A forward unitor arrow is either a forward A-arrow
or a forward p-arrow. Similarly, a backward unitor arrow is the inverse
of a forward unitor arrow.

As we have already seen forward a-arrows, we provide examples of forward
and backward X, p-arrows.
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Example 3.5.6. Below we have a forward and backward A-arrow.

21 ® ((xg ® 1) ® 1) (11 ®21) ® 21
l111®(>\11®111) l)‘@iml)@m
1 ® (z1 @ 1) ro ® (1 ®21) ® 21)
We also have forward and backward p-arrows below.
(21 ® 20) ® 11 1 ® (r1 ®21)
lpm@lzl llzl T
1 QT 21 ® (21 ® 1) ® o)

We now move onto proving some important lemmas regarding monoidal
arrows that we will use for the coherence theorem.
The first three are quick, but have particular importance.

Lemma 3.5.7. Let w be a binary word, w # xg. Then £(w) = 0 if and only
ifw=mw.

Note that w = x¢ is the only case for which the above proposition is not
true, since xg = Tg but £(xzp) # 0. Hence, our reasoning for excluding it
(and it is not a case we will need to concern ourselves with).

Proof: Suppose E(w) = 0, and let us prove the forward direction by
induction on the length of the word. Let us write w = u ® v, suppose
that the statement is true for all pure binary words with length less than
w. Observe that

W=URKU=UuURU=uRQV="w.

where we used the induction hypothesis on u, v which have smaller length
than w. Thus we see that w = w.

Conversely, suppose W = w, w # xg, and suppose the statement is
true for binary words with length less than w. Write w = u ® v. By the
definition of a clean word, the only way we can have w = w is if u, v are
binary words with nonzero length. Therefore, if W = w we see that

URKU=uR.

Since u, v have smaller length than w, we may use the induction hypothesis
to conclude that £(u) = E(v) = 0. Hence, £(w) = 0, as desired.
|




100 Proving Mac Lane’s Coherence Theorem

Lemma 3.5.8. Let w be a binary word. Suppose ¢ : w — w’ is a forward
unitor arrow. Then E(w') = E(w) — 1.

In other words, any unitor arrow always takes away exactly one identity.

(1)

(4)

Proof: We prove this by examining the possible cases for . Write
w=u®uv. As ¢ is a forward unitor arrow, it has four possible forms.

Suppose t = Ay : g @ v — v. As
E() =E(v) +E(xo) —1=E(v@wo) — 1
we see that the statement is satisfied in this case.

If L = py : u® xp — u, we can use a similar argument as in (1) to
prove the statement.

Suppose t = 1, @k : u®@v — u®v where Kk : v — v is a
forward unitor arrow for which the statement is already true. Then
E(W') = E(v) — 1. Hence,

Euev)=Euev)—1.
Therefore the statement is satisfied for 1, ® & if it is true for .

Ifi=rk®1,: u®v — v ®v where k is a forward unitor for
which the statement is already true, then we may prove this case
by following a similar argument as in (3).

As we have examined all cases, we may conclude that for every forward
unitor ¢ : w — w’, we have that £(w') = E(w) — 1 as desired.

Lemma 3.5.9. Let ¢ : w — w' be a forward unitor arrow. Then w = w'.

In other words, unitor arrows do not alter the particular format of a
clean word.

Proof: First, observe that the result is trivial if L(w) = L(w') = 0.
Therefore, let w = u ® v be such a binary word with £(w) > 0. Suppose
the statement is true for binary words v such that £(v) < E(w). Let
t:w — w' be a forward unitor arrow. By the recursive definition of ¢,

our forward unitor arrow has four possible forms.
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(1)

(3)

Suppose ¢t = A\, : g ® v — v. However, note that o ® v = 7, so
that this case is true.

If t = py : u® 29 — u, then this case may be proven in a similar
manner as case (1).

Suppose t = 1, @k : u®v — u @ v’ where k is a forward unitor
arrow for which the result is already true. Since L(u ® v) < 0, we
have a few subcases.

Suppose L(v) > 0. Then by our assumption on x, 7 = ¥’. Therefore,
if L(u) =0, we see that

®

URUV=1D=7T =uQRQU

which satisfies this case. If instead £(u) > 0, then

!/

— — o
V=URUV =UuQRQU

®

URU="1u

which again satisfies the case.

Finally, suppose £(v) =0. Then u®@v =T =u® v .
In all cases we see that u® v = u® v as desired.
Our third case if when t =k ® 1, : u®v — v ® v with & a forward

unitor for which the result is already true. However, this case can
be proved similarly as in case (2).

In all instances, we see that for a forward unitor arrow ¢ : w — w', we
have that w = w’, as desired.

The following lemma is an important existence result that will be used

in the next proposition.

Lemma 3.5.10. Let w be a binary word with £(w) > 0. Then there exists
a forward unitor with domain w.

Proof: We prove this by induction on the total length of a binary word
L(w) + E(w). Thus, let w =u ® v be a binary word with £(w) > 0 and
suppose the statement is true for all binary words z with

L(z)+E(z) < L(w) + E(w).
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Then we have a few cases for w.
(1) Suppose u = xg. Then we take the forward unitor A\, : 29 ® v — v.

(2) Suppose v = xg. We may similarly take p, : u ® xg — u, so that
this case is satisfied.

(3) Suppose u,v # xg. Since E(w) > 1, either £(u) or E(v) > 0.
Without loss of generality, suppose £(u) > 0. Since

L(u) +E(u) = L(u) + E(u)

we may apply our induction hypothesis to conclude that there exists
a forward unitor ¢ : u — «’ with domain u. Hence, the morphism

@1, uu—u Qv
is a forward unitor with domain v ® v = w.

As we have evaluated all cases, we see that the statement is true for all
binary words as desired.

The previous four lemmas now give rise to the following proposition.

Proposition 3.5.11. Let w be a binary word with £(w) = ¢. Then there
exists a composable sequence of -many forward unitor arrows ¢, -+ ,¢1 as
below:

oot iw—w.
Moreover, for every such chain, we have that v’ = w.
Proof: To prove existence of such a chain for every binary word with
nonzero identity length, we may proceed by induction. Let w be a binary
word with £(w) > 0, and suppose that such a chain exists for binary
words v with £(v) < £(w). Then by Lemma 2.5.10, there exists a forward
unitor ¢ : w — w'. By Lemma 2.5.8, £(w') = £(w) —1, so by our induction
hypothesis, there exists a chain of forward unitor arrows

/ —
lg—10---0L] W —W.

Hence, toty_10---0t1 :w — w is a forward chain of unitors with initial

domain w, which proves existence.



Step Four: Binary Words

103

To prove that w’ = w, denote the domain and codomain of our
unitors ¢; : w;—1 — w;, so that wy = w. By Lemma 2.5.9, for each i we
have that w;,—; = w;. Hence w = wy. By Lemma 2.5.8, we have that
E(w;) = E(wi—1) — 1. Therefore,

E(wy) =E(w) —£=0.

However, by Lemma 2.5.7, we see that this implies w, = wy = w. Hence
we see that

LgO-+-0L:W—W

as desired.

The previous proposition immediately implies the next.

Proposition 3.5.12. Let w be a binary word with £(w) > 0. Then there
exists a sequence of forward monoidal arrows from w to w™.

Proof: By Lemma [3.5.10, we have a sequence of forward unitor arrows
from w to w.
Mko---o,ulzw—>w

Since w is a pure binary word, we can then use Proposition [3.3.14] to
guarantee a sequence of forward a-arrows from @ to w™.

/BZO"'OBI wﬁw(n)
Composing these morphisms then gives us our desired monoidal arrow:
Bpo--ofiopgo-op:w—w™

so that such a sequence of forward monoidal arrows exists.

And the previous proposition gives us the following corollary.

Corollary 3.5.13. Every morphism in WV can be expressed as a composition
of a sequence of forward and backward monoidal arrows.
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Proof: The proof is the same exact proof as that of Corollary [3.3.15
We use the previous proposition with the fact that WV is a thin category
to conclude this.
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Step Five: Coherence for A“" for p, A

In this section, we extend the work we’ve completed with the associators
to now include the unitors. We will obtain a theorem similar to Theorem
To even state the theorem, we need to introduce a new definition.

Definition 3.6.1. Let (M, ®, I, a, A, p) be a monoidal category. For each
object A in M, we define the general proxy map of A to be the partial
functor (—)4 : W — M defined as follows.

Objects We define the general proxy map on objects recursively.

e Weset (g)a=1and (x1)4 =4
o For a binary word w = u ® v we set:

(w)a=(u®v)a = (u)a®(v)a

Morphisms We define the partial functor only on a-, A-, and p-arrows.
This is also done recursively.

e For binary words u, v, w, we set:

(Qupw)A = Qugwawa) P UA @ (VA @ wa) =5 (ua ®vA) @ wa
()\u)A
(Pu)A = puy 1 ua @1 =5 uy

)\uA:I®uAL>uA

e For a more general a, A\, or p-arrow of the form 1, ® g or 6 ® 1,
we set:

(1u ® 5)14 - luA b2y (5)14
(ﬁ b2y 1u)A = (/B)A X ]—uA

Before concluding this definition, we note that there is some potential
ambiguity in our definition on the unitors. This is because sometimes
a forward unitor arrow in W can be expressed in two ways. The reader may
check that all possible cases for ambiguity are the three cases below.

Ty ® To 2o ® (xo ® V) (u® xp) @
Paq | | Az 12y ®Av >\(zo®'u) PuBlag | | Pu®zq)

Zo Ty Qv U To
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As parallel morphisms in W, they are equal. Therefore, in order for our defi-
nition to be well-defined, we need that the corresponding pairs of morphisms

I®l Ie(I®(v)a) (a1
pr||As Li®Aw) 4 | [AUI®®) 4) P(u) L1 | | P((w) g®T)
I I® (v)a (u)a®1

to be equal in M. One can show that these morphisms are equal in M using

the unitor diagrams [2.2] 2.3 and [2.4]

Regarding our notation, note that we are recycling the same notation from
the proxy map to the general proxy map. This is because the only difference
between the two is that the general proxy map is simply an extension of the
proxy map which is now defined on identity elements xy and unitors.

The goal of this section is to prove the following theorem, which can be
thought of as an extension of Theorem [3.4.2]

Theorem 3.6.2 (Coherence in Unitors). Let (M, ®, I, a, A, p) be a monoidal
category. For each object A, there exists a unique strict monoidal functor
Ay W — M which agrees with the general proxy map on objects and
monoidal morphisms.

The above theorem is implied by Proposition (stated below), in the
same way that Theorem [3.4.2] followed from Proposition [3.4.4]

Proposition 3.6.3. Let (M,®,1,a, A, p) be a monoidal category, and con-
sider two binary words v, w. Let u1,...,ur and 1, ..., 7, be monoidal arrows
with:

U O -0, MgO---0M 1V — W

Then (pr)ao--o(u)a= (n)ac--o(m)ain M.

The above proposition is implied by Proposition m (stated below), in
the same way that Proposition [3.4.4] followed from Proposition [3.4.5]

Proposition 3.6.4. Let (M,®,1,a, A, p) be a monoidal category, and con-
sider a binary word w. Let puq,...,u; and 1, ...,n¢ be forward monoidal
arrows with:

Wk © -0 U7, néo...onl:wﬁw(n)

Then (pg)ao---o(u1)a=(n)aoc---o(m)ain M.
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Once we have the above proposition, we can prove Proposition and
hence our desired theorem, using the same technique as in in the Proof of
Proposition [3.:4.4]

We briefly recall such techniques: We consider two parallel chains of
monoidal arrows. We then connect each object in the chain to w(™ with
a chain of forward monoidal arrow (recall that a chain must exist for each
object). We then have a bunch of adjacent triangles with apex w™ and we
can conclude via the Proposition that each such triangle commutes.
We then conclude that the original two parallel chains form a commutative
diagram in M. Thus, our two chains have the same composite in M. This
then proves Proposition [3.6.3] which then grants us Theorem [3.6.2]

As our goal has been reduced to proving Proposition [3.6.4] we prove this
proposition using the following two results.

The first result is the following proposition.

Proposition 3.6.5 (Arrow Reorganization). Let 1, ..., ur be composable
forward monoidal arrows with ¢~-many unitor arrows. Then there exist com-
posable forward unitor arrows 71,...,ne and forward a-arrows ngy1,...0m
such that, for any monoidal category M with object A, we have that

Forward o's Unitors in front

(me)ao---o(u1)a= (Mm)aoc---o(nr1)ac(me)aoc---o(m)a
in M.

The above proposition basically states that monoidal arrows can be
reorganized in a particular way with all of the unitors in the front. The
second result that we need in order to prove Proposition is the following
proposition.

Proposition 3.6.6 (Unitor-Chain Equivalence). Let w be a binary word
with nonzero length and with £(w) = k. Suppose 1, ..., pur and n1,..., M
are a composable sequence of forward unitor arrows:

Mko...olu1’ nko...onl:wﬁw

Then (ur)ac---o(um)a = (mk)ao---o(m)a in M.

For the sake of organization, we will assume the validity of these two
results now so that we may prove [3.6.4] We will then prove these two results
in the next section.
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Proof of Proposition |3.6.

Let

fin, © -0 [, 77n20"'07711w_>w(n)
be any two composites of forward monoidal arrows from w to w™. Since
E(w) = k and E(w™) = 0, we know by Lemma that there are
exactly k-many forward unitors in each expression. We can then use
Proposition to find forward unitor arrows ~yi, ...k, 01, ..., and
forward a-arrows Vg1, .., Ymys Ok+1, - - -, Omy Such that:

Forward o's Unitors in front

(fni)ao--o(pu)a= (Ym)ao o (yk+1)ao(yk)ao---o(n)a

Forward o's Unitors in front

(y)ao---o(m)a= (Omy)ao---o(dkr1)ac(d)ao---0(d1)a

By Proposition [3.5.11] we know that the domain of the composition of
our unitors is w:

f)/ko...o/7176ko...051:w_>@

Diagramatically, our situation is displayed below.

(w) a
(11)a (61)a
(r1)a (51)a
(12)a (62)a
(k) A (Ok)a
(W) 4
(vy WA
(Tht1)A (Sk+1)a
("/k+2)Al l(&c#—Q)A

<m A
(w

))A
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By Proposition the upper half of this diagram (above (W) 4) must
commute. By Proposition the bottom half of this diagram (be-
low (W) 4), which consists entirely of forward a-arrows, must commute.
Therefore, the entire diagram commutes, and this completes the proof.
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Step Six: Arrow Reorganization and Unitor Chain

Equivalence

We now discuss what it takes to prove the Arrow Reorganization and
Unitor-Chain Equivalence results.

To prove the Arrow Reorganization result, it suffices to prove a special
case which is precisely stated in the following lemma.

Lemma 3.7.1 (Associator-Unitor Swap.). Let u : w — w; be a forward
a-arrow and let ¢ : w1 — w9 be a forward unitor arrow. Then either one of
the following two situations must occur.

o There exists a binary word z, a forward unitor arrow ¢/ : w — 2 and a
forward a-arrow p' : 2 — ws such that, for any monoidal category M,
the diagram below commutes.

w

)A
(2)a
2)A

e There exists a forward unitor arrow ¢/ : w — ws such that, for any
monoidal category M, the diagram below commutes.

(
w
(w1)a
(w

w w
(w1)a o (w2) A

As before, the above lemma is an existence result, so we emphasize this
fact by coloring the arrows that we are asserting to exist Green.

Assuming the above lemma, we prove the Arrow Reorganization Proposi-
tion.
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Proof of Arrow Reorganization (Proposition . We summa-
rize rather than introducing too much notation, since the proof strategy
is rather simple. Consider a sequence of monoidal arrows uq,..., k.
Suppose j; is a unitor arrow. If p;_1 is an a-arrow, we perform an
associator-unitor swap, obtaining a new chain whose composite is the
same in M. If not, we leave it alone and check the other unitor arrows.
We perform this reorganization, swapping associator arrows and unitor
arrows one at a time, until we have a sequence of morphisms in which no
unitor arrow is preceded by an a-arrow (and hence all unitors begin at
the front of our chain). The repeated application of the Associator-Unitor
swap guarantees that the composite of this new chain is equal to the

composite of our original chain.
|

We now understand how to prove the Arrow Reorganization Proposition:
it relies critically on the Associator-Unitor Swap. As we now understand
how the Associator-Unitor swap is used, we offer its proof.

Proof of Associator-Unitor Swap (Lemma . We prove this
using a case-by-case basis. For our proof, we write w = u ® v. Whenever
L(v) > 1, we write w = u® (s ®@t). If L(t) > 1, we will write w =
u®(s®(p®q)).

Since p is a forward a-arrow, it could be of the forms

Q 1u®7]l 771®1v

with n; a forward a-arrow. Since ¢ is a forward unitor arrow, it could be
of the forms

Ao pu La®@m2 Mm@y
with 7y either a forward unitor arrow. We display our table below, this
time coloring the entries in order to group together similar cases.

() 1, @ np e ® 1, Ao Pu
@ (us,t5 1y @ 12) (CQuys,t,m2 @ 1)
1L.®m | (lu®@m,1y,®@n2) (1, ®n1,m2® 1) (1, ® 11, Ap) (1, ® 01, pu)
MLy | (M1, 1, ®@n2) (M ®@1Ly,n2®1,) (m ® 1y, Ay) (m @ 1y, pu)

Case 1: (ays¢, lugs ® 12)
First consider = a5 1 u® (s®t) = (u®s) @t and © = lygs ® 12 with
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ny : t — t' either a forward A\ or p arrow. We select the forward unitor
arrow 1y, ® (1s, ® (n2)a) and the forward a-arrow o, s, y, to obtain
the diagram

UA® (54 ®ta)

AV Ly @(1s , ®(n2)a)

(ua ®s4) ®ta uA ® (s4 @ ty)

(luA®1sAm\

(ua ®s4) @ty

which commutes by naturality of a.

Case 2: (ay, 5,72 @ 1p).

In this case, pt = ay st U® (s®1) — (W®s)®t, while : = 172 ® 1;. Hence,
72 must act on (v ® s). With that said, 7y must be of the form

As Pu TR 1 1,00

with 7 : u — v/ and 0 : s — s either forward X or p arrows. Thus we
check each of these cases are satisfied.

Case 2.1: o = A,

In this case, u = I. We can construct a triangular diagram by appending
As oty - L ® (54 ®ta) — s4 @ty as below.

I®(sa®ta)

(I®s4) Rt

SARta
)\SA®1tA

which commutes in M by Proposition [2.1.2

Case 2.2: 190 = p,

In this case, s4 = I. We can append the morphism 1, ® A\, : ua @ (I ®
ta) — ug @ty to create a triangular diagram as below.

ua @ (I @ty)

(ua® )@ty > U @14

puA®1tA
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The above diagram is guaranteed to commute by unitor-axiom (Diagram
in any monoidal category M.

Case 2.3: o =7® 15

In this case, 12 = 7 ® 15 with 7 a forward A or p-arrow. We can first
apply the forward arrow 7 ® (15, ® 1z,) followed by a,,
the diagram

to obtain

,SAEA

us ® (s4®ta)

(ua ® sa)®ta

(W) ®s4)@ta

which commutes by naturality of a.
Case 2.4: 15 = 1, ® 0. This case is nearly identical to the previous,
creating a desired diagram which commutes by naturality of a.

This proves all of our cases for when g = vy, 5,1, and ¢ = (2)4® 14,
and so we move onto our other cases.
Case 3: (a5, \t)
This case cannot happen, since we cannot apply A : zg ® t — x¢ after
Qust U® (s®t) = (U®s) @t as u® s # xp for any binary words u, s.
Case 4: (o st, Pues)
In this case, we’ll have that © = o, 54,64 and ¢ = py,s,- This implies
that t4 = I. We can then append the forward p-arrow 1, , ® ps, to obtain
the diagram

us ® (sa®1)

(ua®sa) T

Pen®on UgAQSsA
which we know commutes due to Proposition [2.1.2
Case 5: (1,®mn1,1,®n2). Inthis case p =1, @(m)a and ¢ = 1,,, ®(1n2) 4
with n; a forward a-arrow and 7y either a forward A or p-arrow. We can
prove this case by induction.
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Suppose the statement is true for word of length less than n, and let
w = u ® v be a binary word of length n. Then we have the diagram on

the left
up Qvg VA
1M®V (iy
/ /
Ug D Vy U4
mam <7m\
ug @ vy v’y

which is the image of the diagram on the right under the functor ug ® (—).
By induction, there exists either a binary word z, and a forward A or
p arrow ' : v4 — z and a forward a-arrow 7" : z — v’} such that the
diagram below commutes in M.

vA

We can then take the image of this under the functor u4 ® (—) to obtain
the commutative diagram below.

ug Q®vg

Luy ®V wn%

ug @ vy UuUs Q2

Tuy ®m A(U”)A

ug @ vy

As1,,®(n") is a forward A or p arrow since (1) 4 is, and since 1,,, ® (") 4
is a forward a-arrow since (") 4 is, we have that the case must be true
for all words by induction.
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Case 6: (1, @ 11,m2 @ 1)

In this case, p = 1,, ® (m)a with 71 : v — ¢’ a forward a-arrow, and
L= (1n2)A® 1y with g : u — v’ either a forward A or p arrow. We can use
the forward A or p arrow (12)4 ® 1,, followed by the a-arrow Ly, ® (m)a
to obtain the diagram below.

ug ® Vg

luA®V \’)‘j“w

ug @ vy

(nz)Am )A

uy @ vy

The above diagram commutes by functoriality of ®, completing this case.
Case T: (1, @ m1, Ayr)

In this case we’ll have p = 1, ® n; with 7, a forward a-arrow and ¢ = A\,.
This then implies that © = I. We can then append the A-arrow A,
followed by the a-arrow (m1)4 : v4 — vy to obtain the diagram

IT®uvgy
1/®(n

e

which commutes by naturality of A.

Case 8: (1, ® n1, pu)

This case cannot happen, since to apply p, after 1, ® n; implies that the
codomain of n; is xg, which is not possible if 7; is an a-morphism.
Case 9: (1 ® 14,1, ® m2)

Equivalent to Case 5.

Case 10: (71 ® 1,,1m2 ® 1)

Equivalent to Case 6.

Case 11:(nm; ® 1,, \y)

This case cannot happen, since to apply A, after 1 ® 1, implies that the

I®UA VA

A
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codomain of n; is xg, which is not possible for an a-arrow.

Case 12: (1 ® 1y, pu)

In this case, we have that = (n1)a4 ® 1,, and 72 = p,,. This implies
that v4 = I. We can then append the forward p arrow p, , followed by
the forward a-arrow (n1)4 to the diagram to obtain

ug I

(m)Aiy \

wy®1 uUA

m (m)
/
ta

which commutes by naturality of p.
This proves all the cases, which completes the proof.

Thus we have proven the Associator-Unitor Swap. Our final task is
to prove the Unitor-Chain Equivalence. To do so, it suffices to prove the
following lemma.

Lemma 3.7.2. (Unitor Diamond Lemma.) Let w be a binary word, and
11, o a pair of forward unitor arrows as below.

w
/ y‘
w1 w2

There there exists a binary word z and a pair of forward unitor arrows n; :
w1 — 2, N2 : wy — z such that for any monoidal category (M, ®, I, a, A, p),
the diagram below is commutative in M.
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(m\A‘/zh

As before, we color the arrows which we are asserting to exist Green.

Proof: To prove this, we do a case-by-case basis again. In general, we
will write w = u ® v, and if L(v) > 1, we write w = u ® (s ® ).
Now since 1, po are forward unitor arrows, pu; could be of the form

Ly ®@m m® 1, Ay Pu
while po could be of the form
L®n me®l, A py

with 71,72 both forward unitor arrows. Therefore, our possible cases are
as follows. We could have p1 = po. Or, we could have any of the cases
below. The paired-coloring indicates logically equivalent cases due to the
symmetry of our problem.

(B1,B2) Ly @12 N2 ® 1y Ay Pu

Ly®@m (1, @ m,m2 ® 1) (1, @01, \y) (1 @ 11, pu)

mLly, | (m® 1,1, @n2) (m @ 1y, Ay) (m @ 1y, pu)
Av (Avs Ly @ 12) (Av, 12 ® 1y) (Avs Aw) (Av, pu)
Pu (Pus 1y @ 12) (Pusn2 ® 1) (Pus Av) (Pus Pu)

Since we’ve already implemented this case-by-case proof strategy
several times, we will point out the cases which we’ve seen before, and
take care of the cases that are new.

Case 1: This case can be proven by induction on total
length £(w) + £(w), using a similar argument as in Case 3 of Lemma
0.4.0l
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Case 2: (1, @n1,7m2 @ 1,) This case can be proven via functoriality,
in a similar manner as Case 2 of Lemma [3.4.6]

Case 3: (1, @711, \y).
With gy =1, ® n1 and ug = Ay, denote 7y : v — v, In this case, we can
use the morphisms A(,, and 71 to obtain the diagram

k/

which commutes by naturality of \.

Case 5: (1, @11, py).

With p1 = 1, ® m, pi2 = pu, note that the only choice for n; is n1 = 14,.
However, there is no unitor arrow with domain xg, so this does not result
in a valid case for us to consider.

Case 6: (171 @ 1,, \y).

With 1 = m ® 1y, p2 = Ay, note that the only choice for 7, is again 1.
Once again, there is no unitor arrow with domain xg, so this is also not a
valid case that we need to consider.

Case T: (11 @ 1, py).

With 1 =m ® 1y, u2 = pu, we can use the morphisms p(,
obtain

A

and 7 to

A

(u) A

which commutes by naturality of p.
Case 8: (\,,\,). In this case, we see that pu; = p2, so that the
statement is trivially satisfied in this case.
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With all cases verified, we see that the statement must be true for all
binary words, as desired.

We now show how this proves the Unitor-Chain Equivalence, which we
restate for the readers convenience.

Proposition 3.7.3 (Unitor-Chain Equivalence). Let w be a binary word
with nonzero length and with £(w) = k. Suppose p1, ..., pur and 11, ..., M
are forward unitors and that:

PO "0y, NpO---0M W —W

Then (pr)ao---o(u1)a= (nk)ao---o(n)ain M.

Proof: We prove this by induction on £(w). Suppose the result is true
for binary words v with £(v) < £(w), and consider two composable chains
of forward unitors p1,..., e, N1, .-, Nk as described above. We seek to
show that the diagram

(w)a
(u1)a (m)a
(u1)a (v1)a
(umo---o(m () 40+~ (m2)
(W) A

is commutative in M. By the Unitor Diamond Lemma, there exists a
binary word z and two forward unitors ¢1 : u — z and t5 : v — 2z such
that

—
=
=
—
bS
—
-
o
~
b S

(2)a
is commutative in M. Now, by Lemma we have that Z = w. By
Lemma E(z) = k — 2. Hence, by Proposition [3.5.11} there exists a
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chain of forward unitors v1, ..., v,_o such that vy_s0---01q : z — w. Our
situation is displayed below. For clarity, we suppress vg_g0---0v1 : 2 — W
in the diagram below.

By Lemma we know that €(uy),E(v1) < E(w). Therefore, we may
apply our induction hypothesis to conclude that the lower left and lower
right triangles must commute. As the original upper square commutes by
the Unitor Diamond Lemma, this implies that

(tk)ao---o(u)a= (mk)aoc---o(n2)a

as desired.
[ ]

At this point, we have formally filled in all of the potential gaps in the
proof of Theorem We have completed the hard work required to prove
Mac Lane’s Coherence Theorem. We will use the next section to see how
our previous results immediately apply our desired coherence result.
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Step Seven: Proving the Main Theorem

At this point we have proven coherence in associators and unitors, but
only when considering iterated monoidal products of a single object. We have
not yet achieved our desired result, which should say something about more
general monoidal products with different objects in the expression. However,
our previous work quickly implies our desired theorem. We first introduce a
definition and perform a clever trick.

In what follows, we let 1 denote the terminal category whose sole object
is denoted e.

Definition 3.8.1. Let (M, ®,I) be a monoidal category. Define the it-
erated functor categoryE] of M, denoted as It(M), to be the category
where:

Objects. Functors F': M™ — M for allmn =0,1,2,... When n =0, we let
MO =1.
Morphisms. Natural transformations n : F' — G between such functors.

We will give this category a monoidal structure. Towards that goal, we
introduce the following bifunctor

©: It(M) x It(M) — Tt(M)
whose behavior we describe on objects and morphisms as follows.

On objects. For two functors F' : M" — M, G: M™ — M, we define the
functor FF ® G : M"™™ — M pointwise as

(FOG)(AL,..., Anym) = F(A1,...,A,) @ G(Ans1, -+ -y Antm)
where ® is the monoidal product of M.
On morphisms. Let F},Gp : M™ — M and Fy,Go : M™ — M. Given

natural transformations
77:F1—>G1 M:FQ—>G2

we define the natural transformation n ® u : F1 © G1 — F5 ® Go
pointwise as

(O ) (A1, Apim) = M (ArsAn) @ () (Apstseos Anon)

!The notation of this category is due to Mac Lane, but he did not supply a name for
this category. So I made one up. Today, this construction is known as an endomorphism
operad.
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The above bifunctor is what allows us to regard It(M) as a monoidal
category. This is more precisely stated in the following lemma.

Lemma 3.8.2. Let (M, ®,I,a, A, p) be a monoidal category. Then
(It(M), ®,c,a, X, p)
is a monoidal category where
o The monoidal product is the bifunctor ® : It(M) x It(M) — It(M)
o The identity object is the functor ¢ : 1 — M, where c(o) = I
 For functors Fj : M — M, j =1,2,3, the associator
ap oy 1O (Fr0F3) — (F1 0 F) O F3

is the natural transformation defined pointwise for each (A1, ..., A +iy+iz) €
M(Z1+ZQ+Z3) as

(aF17F2,F3)(A1,---7Ai1+i2+i3) = Q(F (A1, Ay) F(Ag) 4150 Adg ig) F(Aig 1ig 41500 Ady bigtis)

e For a functor F' : M™ — M, the left unitor A : ¢©® F — F is the
natural transformation defined pointwise for (e, Ay,..., A,) € 1 x M"
as

(AF)(0,41,..,40) = AF(Ar,....Ap)

while the right unitor p : F'® ¢ — F is the natural transformation
defined similarly as

(PF)(Ay,. Ane) = PF(Ay,....Ay)

It is simple to check that these satisfy the axioms of a monoidal category.
We now reach the final theorem.

Theorem 3.8.3 (Coherence Theorem for Monoidal Categories.). For every
monoidal category M, there exists a unique, strict monoidal functor

where ®;4(z1) =id : M — M.
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Proof: As (It(M),®,c) is a monoidal category by Lemma the
theorem follows by a simple application of Theorem [3.6.2] to this monoidal
category.

|

A reader might be wondering: How does the above theorem grant us
coherence? Let us first investigate the behavior of this functor.
Under the functor, the morphism in W

Qrq,xq,x

1@ (11 ®11) —> (11 ®@11) ® 21

is mapped by ®; to the natural transformation between the functors in

It(M)

4d,id id
_— >

id ® (id @ id) (id ®id) ®id

and, as functors from M? — M, we may substitute any A, B, C to obtain a
natural isomorphism

aapc:A®(B®C)— (A®B)®C

in M. Next, we know that functors preserve diagrams. Therefore, our
commutative pentagon diagram in W

1 & (:Ul & (1'1 X ."L‘l))

(r1®@ 1) ® (x1 @ 1)

(1 ®@11) Q@ x1) ® 11

1@ (21 ®21) ®21) (1 ® (1 ®21)) ®@ 21

is mapped by ®;4 to a commutative diagram of natural transformations in
It(M) between the functors below

id® (id ® (id ® id)) (id ®id) ® (id ® id) ((id ©id) ©id) ® id

id ® ((id ® id) © id) (id © (ide)id) © id
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and as the above functors are of the form M?* — M, we may substitute any
A, B,C,D € M to obtain the commutative diagram

QA,B,CQD QA®B,C,D
_— _—

A® (B® (C® D)) (A® B)® (C ® D) (A®B)®C)® D

1a®ag,c,p aa,B,c®lp

A (B®C)® D) (A (B®C))®D

QA B®C,D
in M.

So far, our functor makes sense. Moreover, we already knew that the
above pentagon commutes for all A, B, C, D € M. Thus, what about diagram
777

Again, functors preserve diagrams. Therefore, the commutative diagram
in W (see next page) is mapped by ®;4 to the commutative diagram of
natural transformations in It(M) between functors (see second page) and as
functors from M?® — M, we may substitute any A, B, C, D, E to obtain the
commutative diagram in M (on the third page).
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Front. (Note that the product ® in W has been suppressed).

z1((z121)(2121))

1x1 Rz zq,xq,21

1 (((w121)21)21)

(1901@05391,901,361 19:1

((z1 xlajl))xl) Qaq,zy(z121),21

Qgq,xix,2] ®1zl

(x1(z121)) (2121)

yml@l@uwl@lﬁ)

Az (zyey),e),2] (($1x1 xl xlxl

(xl((xla;l :L’l
Qgq,xjxi@),2]

lzl ®azl zq, zl)®1zl

l’l Lo IE1{E1))>$1

Qgq,xq,x 2] ®1zl

((x1(z121))21) 21 .
T1T])T1,T],T]

(azl zq, zl®1zl ®111

(((xlwl 331 :Ul

\

Qzqxq,xq,2] ®111

((z121)(z121))2

Back.

Qzy,zyey,01 2]
zl®azl T1,x1T]

xl m1 wlml

Xzq 21,21 (2121)

(x1(x121)) (2127)

Qzy,zy,2] ®(111®y

((x121)x1)(T121)

f\aﬂclwl L 501961

(w121) (21 (2121))

111 ®1zl ®azl 1,z

Yzyzy)z 21,01

)(z121))

]-11 ®azlzl T,T]

/

xlxl .%'1)1'1)

(]-zl ®az1,zl,zl )®1$1
111 1z1®0411 zq, zl)

z1((z1(z121))

/1’

1 0ty zqaq,2q

/

((z121)21)

Xz, (z12y)2

Qxy,x12177,71

(z121)((2121)21)

((z121)21)21)T

Qrqxq,zq,2] ®1zl

Az zy,0121,2] 331 1»1 5511'1

Azﬁglil

((z121)(z121))2
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Front. (Note that the product ® and the associators in It(M) are suppressed.)
id((idid)(idid))

(id(idid))(idid)

id((id(idid))id) ((idid)id)(idid)
(id((idid)id))id ((id(idid))id)id
(id(id(idid)))id (((idid)id)id)id
((idid)(idid) )i
Back.
d((ldld)(ldld))
(id(idid))( 1d1d d(id( 1d 1d1d)) 1d1d)1d id)
((idid)id)(idid) / \ 1d((1d (idid))
i (idid)(id(idid)) id(id((idid)id) —
\ |
(1d1d idid)id)
(((idid)id)id)id 1d id(idid))

((idid) 1d1d
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Front. (Note that the product ® in M is suppressed.)

A((BC)(DE))
1A®a:m/ W;DE
A(((BC)D A(BC))(DE)
(1a®aB,c,p)®1E aa,B,c®(1p®1E)
CD))E) QA,B(CD),E QA(BC),D,E ((AB

@A BC,D®LE

(A((BC)D A(BC))D)E
QA BCD,E X(AB)C,D,E
(1a®ap,c,p)®1E (aa,B,c®1p)®lE
B(CD))E (AB)C
QA B m AD@ZLE

Back.

QA BC,DE 1a®ape,p,E
A®QB.C,DE

(A(BC))( A(B(C(DE))) C)D)E)

aa,B,c®(1p®lE) (1a®ap,c,p)R1E
QA B,C(DE) 14®(1p®ac,p,E)
C)(DE) A((B(C
aaB C DE

\ A(B /Ar® B,CD,E
(1a®1B)®ac,p,E QA B,(CD)E
X(AB)C,D,B QA,BCD,E
(AB)((CD)E)

QXAB,CD,E

aAB (:m AD@lE

/
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This process continues for every possible diagram in W. Each diagram in W
is mapped to a corresponding diagram in It(M) made up of identity functors,
and with the identity functor, we are free to substitute whatever instance of
A, B,C,--- € M in it. The arrows between the identity functors are natural
transformations which reduce to instances of «, p, A in M upon substituting
objects in the identity functor. What matters here is the functoriality of
®;. It guarantees that all the diagrams obtained as the image of ®;q will
cominute.

This completes our work towards proving Mac Lane’s Coherence Theorem.
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Conclusion: What Does The Theorem Actually
Say?

For myself, a significant point of confusion regarding Mac Lane’s Coher-
ence Theorem arose in understanding what it actually says. This is natural
since the original writing of the theorem is somewhat vague and, with all
due respect to Mac Lane, it is confusing in many places.

In writing this thesis, I think the reason for why it was written the way
that it was is because (as I have seen) it takes many definitions and a lot of
notation to clearly state what the theorem is saying. And in a pedagogical
process, the limiting factors are time (from the author and reader) and
space (in the author’s body of text). If one does not have time or space,
they will have to be less rigorous and hence use vague language (otherwise,
they have to rush the audience). For example, in less formal presentations,
mathematicians must be vague about their work since they cannot take the
audience on a 5-year pure mathematics journey in order to bring them up to
perfect speed. Thus, a limitation of time and space appropriately compels
vague language.

We end this thesis by commenting on what the theorem does not say, as
sometimes people walk away from Mac Lane’s Coherence Theorem confused
and think that it says:

o All diagrams built from instances of «, p, A commute.

While the theorem does say a certain class of diagrams commute, it does not
comment on all diagrams. Thus the issue with the above statement is that
it includes diagrams which the theorem does not make comment on. The
theorem only makes comment on diagrams which can by constructed via the
functor in Theorem B.8.3

In fact, the above statement can get us in trouble. The canonical example
is Isbell’s counterexample, which I will not repeat since it is frequently
mentioned enough in most discussions of monoidal categories.

What this theorem does say is instead more wordy:

e A binary word w of length n is actually a functor:
O;q(w) : M™ — M
For any other binary word v of length n, there is a unique morphism

Yy 1V — W
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in W (because it is a thin category). Moreover, 1, ,, corresponds to a
unique natural transformation

Piq(Yv,w) + Piq(v) — Piq(w)

between the functors corresponding to the binary words.

Now, by Corollary ¥y i a composition of monoidal arrows in
W. Therefore, the components of the natural transformation ®;4(y )
are the familiar compositions made up of the associators, unitors, and
their recursive instances in M.

The uniqueness of this natural transformation is what guarantees

coherence.

This certainly more wordy than some statement like “a certain class of
diagrams commute”, but it is correct.
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